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The science of biology today is not the same science 


Foundations 
of Modern 
Biology 
Series 


of fifty, twenty-five, or even ten years ago. 
Today’s accelerated pace of research, aided 
by new instruments, techniques, and points 
of view, imparts to biology a rapidly chang- 
ing character as discoveries pile one on top 
of the other. All of us are aware, however, 
that each new and important discovery is 
not just a mere addition to our knowledge; 
it also throws our established beliefs into 
question, and forces us constantly to reap- 
praise and often to reshape the foundations 
upon which biology rests. An adequate pres- 
entation of the dynamic state of modem 
biology is, therefore, a formidable task and 
a challenge worthy of our best teachers. 
The authors of this series believe that 
a new approach to the organization of the 
subject matter of biology is urgently needed 
to meet this challenge, an approach that in- 
troduces the student to biology as а grow- 
ing, active science, and that also permits 
each teacher of biology to determine the 
level and the structure of his own coursc. A 
single textbook cannot provide such flexibil- 
ity, and it is the authors’ strong conviction 
that these student needs and teacher pre- 
e met by a series of 


rogatives can best b 
_ and well- 


short, inexpensive, well-written, 
illustrated books so planned as to encompass 
those areas of study central to an under- 
standing of the content, state, and direction 
of modern biology. The FOUNDATIONS 
OF MODERN BIOLOGY SERIES repre- 
sents the translation of these ideas into 
print, with each volume being complete in 
itself yet at the same time serving as an 
integral part of the series as a whole. 
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No animal lives alone. Each comes into contact 


Introduction 


with other animals sometime in its life. 
That most solitary of creatures, the alba- 
tross, which spends the greater part of 
its life at sea far out of sight of land, 
returns periodically to the company of 
its own to breed. Even .animals whose 
reproductive needs can be satisfied in 
solitude—the amoeba that divides by fis- 
sion, the budding Hydra, the hemaphro- 
ditic snail, the parthenogenetic aphid— 
even these are not alone. They have con- 
tact with the organisms that constitute 
their food and the parasites and preda- 
tors that prey upon them. 

Thus, few animals are solitary. 
Many are drawn together in fluid tem- 
porary associations by shifting conditions 
of the environment such as the lee of a 
stone in a running brook, a rotting log in 
the jungle, a water hole in the desert, a 
carcass in the veld. Some are gathered in 
more unified communities, as shoals of 
fishes and flocks of birds; some live in 
highly integrated colonies, as ants and 
honeybees; others are so intimately asso- 
ciated, as the corals, that it is impossible 
to tell the individual from the colony. 

Regardless of the closeness with 
which animals associate, their relations 
are vastly different from aggregations of 
nonliving entities such as molecules. Al- 
though the movements of a flock of star- 
lings or a crowd of ants on a broken ant 
hill can perhaps be analyzed in the same 
mathematical terms as are applied to 
Brownian molecular movement, the two 
are fundamentally different, and the dif- 
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ference is not merely a matter of complexity. The actions of 
directed toward keeping the animals alive and en 
produce. Thus, the continued existence of 
depends on the effectiveness of actions of t 
of molecules. The directive action of orga 
other is one aspect of behavior. 


Survival also depends on the maintenance 
the nonliving environment. The sp 
the locust orients its body toward Н 
nates during winter, the sw 


tween an organism and its environment is also behavior. 


The assertion that an organism maint 
ment, whether nonliving or living, 


animals are 
abling them to re- 
an organism and of a species 
he individual. This is not true 
nisms with respect to one an- 


of suitable relations with 
arrow fluffs its feathers when cold, 
he sun when it is hot, the bat hiber- 
allow flies south. This adaptive relation be- 


ains relations with its environ- 
implies that an organism changes in 
Tesponse to changes in the environment. These changes, which we call 
behavior, are not passive; they are directed actions, that is, actions pro- 
moting survival, and they are reversible. When an oak tree bends and 
thrashes in the wind, it is a passive thing. When a parasitic plant such 
as the dodder reaches out and twines itself around another plant, it does 
so by growth movements which are irreversible. By contrast, the behavior 
of animals is both active and reversible. | 


The capacity to respond to stimuli is termed irritabilit 
essential property of living matter, Re. 
survival 


y and is an 
sponses that do not jeopardize 


, and Organs into Organisms, the suitability of the 
changes that took pl al cell, tissue,-or organ began to 
individual unit, but in terms of 
f the whole. The cell that responded 
as also the deficient tissue or organ, 
on of responsiveness has been shape 
requirements of the whole individual, acting in his en 
no animal can ever free itself completely from its here 
is inevitably coupled to its evolutionary history, 

The change from a unicellular p] 
one permitted animals to become larger. With multicell 
greater need for coordination: with the increase in size 
need for the conduction of information within the organis 
need, certain cells of the multicellul ч 
both its irritability and the rapi 
through the animal, With f 
organized that there 
change (both insid 


irements о! 
ably was eliminated, as уу 


the course of the evoluti 


unsuit- 
In short, 
d by the 
vironment. Since 
dity, its behavior 


an of construction to a multicellular 


ularity came a 
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Introduction 


havior of an organism is an expression principally of the capabilities of its 
nervous system. 

The study of animal behavior is, therefore, an analysis of the poten- 
tialities of the nervous system. Note that we say "potentialities" rather 
than "physiology" of the nervous system, since we want to emphasize 
that the nervous system affects the whole animal or an organ system of 
the animal and controls the animal's changing relations with its environ- 
ment. The nervous system does not operate in a vacuum. It is affected 
by the limitations and biases imprinted upon it during its long evolu- 
tionary history, by its particular stage of development in the growing 
individual, by the changes impressed upon it by its own repeated per- 
formance, by the influence of internal and external environmental changes. 
Ultimately, its actions are translated into some effect outside of itself. 

The main function of the nervous system is to control the release of 
energy through the contraction of muscles and the secretions of glands; 
it also regulates such other forms of energy as light (the firefly) and 
electromotive force (the electric eel). Of these effects, muscular move- 
ment is surely the most widespread and important. Until complex mus- 
cular systems evolved, intricate behavior was impossible even though the 
nervous system may have possessed the potentiality for such behavior. 
The control of muscular energy involves more than mere efficiency of 
contractile mechanisms. The contractions of the various muscles must be 
synchronized so that the work provided by them is directed to serve the 
requirements of the animal. Otherwise there is a useless waste of energy. 
Muscular movements differ widely in complexity: in their frequency, in 
their sequentia! relationships, in their duration, in their intensities, in their 
over-all patterns of action, in their influence on other movements, in the 
circumstances that initiate them, and in their reactions to previous effects. 

To understand behavior we must look first at certain aspects of the 
nervous system, We must examine its role in recording changes in the 
environment, in assessing this information. and in coordinating the vari- 
ous muscular activities that will best serve the economical operation of 
the animal, But our search for understanding will not end with the 
nervous system, because we shall discover that the nervous system, in 
activating the muscles, the glands, and other effectors, indirectly acts 
upon itself, For example, when part of the nervous system causes à 
muscle to contract, the action of the muscle stimulates other nerves which 
then may terminate the initial action. Our search will extend to, these 
other systems, the glands and muscles, for it is from the interplày of all 
these systems that behavior is made. 
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Ese protoplasmic irri tability to cognition is a de- 


Irritability 
and 
Conduction 


velopment which has required upwards 
of a billion years. This development is 
inextricably bound to the evolution of 
the nervous 


system. In the beginning, 
of course, th 


ere was no nervous system. 
Isolated masses of living material prob- 
ably showed general and uniform irrita- 
bility. Whenever a stimulus caused a 
change at one point, this change un- 
doubtedly stimulated adjacent areas so 
that a wave of excitation spread slowly in 
all directions, like the ripples from a 
stone dropped in a quiet pool, 

Through the course of time, the 
Property of irritability gradually tended 
to be localized, channeled, and refined 
so that the organism was 
equally excitable throughout. 
duction of excitation w 
channeled into p 
advant 


no longer 
The con- 
as speeded and 
articular pathways, The 
ages of this refinement 
since ctherwise the Organism 
à constantly reacti 
satility and finesse 
the course of e 
been channeled 


in one, elaboration took pl: 
cellular leve 


are clear, 


= Nines of а! 
Single plasma membrane; in the other 
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relatively undifferentiated protoplasmic mass of an amoeba to the elabo- 
rate organelle system of the ciliates, e.g., Paramecium. The prótoplasm in 
the ciliates consists of areas specialized for detecting changes in the 
environment, other areas designed for conducting excitation to various 
parts of the body, and still others for producing limited and local re- 
sponses. These specialized areas include sensory bristles, photoreceptors, 
cilia for swimming, cirri (fused cilia) for crawling, food-catching devices, 
organelles for attachment, trichocysts (microscopic harpoon-like struc- 
tures believed to assist in the holding of prey), contractile fibrils (my- 
onemes) which may even be cross-striated, and fibrils whose function is 
presumed to be conduction. Figure 1 illustrates an experiment designed 
to show the function of these fibrils. 


Fig. 1. When an incision is 
made in the ciliate Euplotes 
in such a way as to cut the 
fibrils (f.) running from the 
motorium (m.) to the cirri 
(c.), coordination of loco- 
motion is lost (A). Other 
incisions (B) do not inter- 
fere with locomotion. (Re- 
drawn from Taylor, Univ. 
Calif. Pub. Zool., 19, 1920, 
403-470.) A Š 


We do not understand fully the actions of these relatively elaborate 
systems, but irritability in them is essentially part of a single structure. 
The inherent intimacy of the structure sets limits on the complexity of 
the mechanism, on the scope of its performance, and, above all, on its 
potentiality. f > 

-  Acellular systems are, however, obviously capable of serving the 
primary needs of the animal for food, protection, and reproduction. To 
fulfill these needs, the animal must be able to move and to detect environ- 
mental features. All these functions may be performed by relatively un- 
differentiated protoplasm, such as the amoeba. The amoeba's sensory 
world seems to be divided into food and non-food. Practically all stimuli 
that are not food elicit withdrawal reactions; food (and some chemicals) 
initiate feeding responses. How the amoeba captures food depends on 
what kind of food it is, how active the food is, and whether the amoeba 
is sated or unfed. Amoebae exhibit practically no other patterns of be- 
havior. These appear to be the behavioral limitations of undifferentiated 
protoplasm. 
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With the development of organelles, somew! 
reactions may take place. Cilia, flagell z 
and specialized sensory areas permit a greater variety of behavior lega 
do all-purpose pseudopodia. For example, directed orientation to light m 
possible in the green flagellate Euglena because it has a light-sensitive 
eyespot and an opaque spot called a stigma. We can show by passing a 
shadow over the eyespot that it is indeed sensitive to light. Euglena can 
perform directed (as opposed to random) movements because the eye- 
Spot is periodically shaded by the stizma as the transparent organism 
rotates in swimming, and thus the comparison of intensities ( 
and no light) necessary for orient 


hat more complicated 
a, contractile fibrils (myonernes ) 


ie. light 
ation is possible. Protozoa generally 
cannot perform oriented movements. Stimuli elicit from protozoa move- 
ments whose direction bears no relation to the location of the stimulus. 
In most flagellates and ciliates, any stimulus that is not favorable causes 
the animal to back away, turn its body aside, and then to resume its for- 
ward movement. This avoiding reaction of Paramecium is stereotyped; 
it lacks individuality and originality, * 

Although protozoa show only a limited numbe 
acellular plan of construction does permit a wider 1 
Consider, for example, the differences am 


in a monotonous random fashion; others 
behavior. Stichotri 


r of reactions, the 
atitude of performance. 
ong species. Some ciliates swim 
show a complicated exploratory 

cha, for example, lives in a cell of a duckweed 
( Lemna) leaf where it divides to produce two individuals. One of these 
extends its front end through the aperture of the cell to feed, while the 
other, the Swarmer, spends most of its early life wandering about inside 
the cell and eventually pushes its companion out of the way and emerges 
through the aperture. If it encounters an abundance of duckweed, it 
crawls over the leaves and pokes into or enters empty cells. If, on the 


other hand, little duckweed is immediately available, the swarmer makes 
long swimming excursions until it finds some. 
Stalked protozoa 


a time, the 

ly becomes 

à Series of 

arily reverse its ciliary beat, 
d swim away, Т 


he order 
ove the animal from the 
us; that is, all are adaptive. 


reactions. It may fi 
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of responses is not 
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nificant in determining how it will react to a given stimulus. Since change 
leaves its mark, any reactions depend on past events. If Paramecium, for 
instance, has fed on carmine particles for a while, it may later reject them 
and continue doing so for 2 to 3 days. Animals that have been stimulated 
repeatedly may eventually become indifferent to the stimulus. Stalked 
protozoa, on the other hand, may give a variety of responses to a continu- 
ing stimulus. Here, then, is the first indication that behavior is capable 
of being modified. But whether or not protozoa can learn in the more 
sophisticated sense of the word is still unknown. Experimental evidence to 


date is far from convincing. 


Mulficellular Conducting Systems 


The multicellular animal is essentially an interrupted system, since 
the cells of which it is constructed are more or less self-contained units, 
It is a brick building as opposed to one of poured concrete. Irritability 
in a multicellular organism thus resides in many discrete units each capable 


_ of different levels of sensitivity and different rates of change. Each may 


be responsive to different kinds of change in its environment, may require 
different periods for recovery, and may deliver different kinds of energy 
by way of response. These units retain a certain independence of action, 
but they also affect one another to varying degrees. 

Multicellular construction makes possible an almost infinite number 
of combinations of units with a high level of sensitivity. A state of excita- 
tion set up at any one point in a sensitive unit can spread rapidly to all 
parts of it, When one unit comes into sufficiently close contact with 
the excitation is transmitted across the union. This system of 


another, 
can attain a complexity and fluidity 


many specialized parts, therefore, 
that is denied the unitary acellular system. We may now begin to call 
this arrangement of cells that is specialized for irritability and conduc- 
tion, the nervous system. Its structural development throughout the ani- 
mal kingdom has involved the differentiation, shuffling, ordering, and 


combining of cells. 


The Neuron 


e nervous system is the neuzon (the nerve cell body 
plus all its protoplasmic outgrowths). The average neuron is slightly less 
than 1/10 mm in diameter, just beyond the visual range. Although neurons 
come in all shapes and sizes, they consist typically of three major parts: 
dendrites, which normally receive excitation and conduct it to the cell 
body; the cell body, which contains the nucleus; and the axon (nerve 
fiber), which normally transmits excitation away from the cell body 


The unit of th 


B 


© 
Fig. 2. (А) 


Diagram of a motor neuron, showing the cell 
dendrites, D. 


+ axon, cr; collaterals, Col.; Schwann's sheath, S, 
Ranvier, R.; area of naked axon, a.; area of axon investe; 
b.: area of axon invested with Sch 


+ area 1 
its nuclei, д. 

&midal neur, 
Cortex of a rabbit: axon, а.; collateral branches. cd 
Il neuron from the cerebri 


endrite, д. 
al cortex of a cat: axon, a; 
from Maximow a 


dendrites, d, (Redrawn 
nd Bloom, A Textbook of Histology, i 
1941, 169-172.) 
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the passage of such a nerve impulse is accompanied by an electrical 
change (the action potential.) that is a few hundredths or thousandths of 
a volt in magnitude and a few thousandths of a second in duration, The 
impulse’ may travel as fast as 200 miles per hour (in the thickest nerves 
of man). It cannot be overemphasized that the nerve impulse is not an 
electric current passing down the nerve; it is a complex cycle of electro- 
chemical changes in nerve structure which we shall describe briefly be- 
low. Neurons are highly specialized for the express purpose of conducting 
impulses, All nerves are similar in this respect. 

Since the nerve impulse is the language of behavior, we should know 
something of its basic properties. These can be studied by placing elec- 
trodes on nerves and observing the changes that occur when the nerves 
are stimulated. If we place one electrode on the outside of an unstimulated 
neuron, insert a second inside, and connect the two to an instrument that 
will record electrical current, we will see that the outside of the neuron is 
electrically positive with respect to the inside. The neuron is thus said to 
be, polarized. When it is stimulated (pinched, shocked electrically, cov- 
ered with chemicals, subjected to drastic temperature changes, etc. ), it 
responds because it is constructed of protoplasm, one of whose basic 
properties is that of irritability (responding to change). The response 
consists of a change in the permeability of the surface membrane, which 
permits ions to flow into the axon from the surrounding fluid (Fig. 3). 

As a result of this flow, the electrical difference between the inside 
and outside of the neuron changes. The nerve is then said to be de- 
polarized. If the area or degree of depolarization is small, the nerve uses 
its energy of metabolism to restore the membrane to its former polarized 
state, and no nerve impulse is generated. If, on the other hand, the degree 
of depolarization is great, the nerve cannot restore itself immediately; con- 


Fig. 3. The relation between the local 
electrical response [dashed line] caused 
by a stimulus and the action potential 
generated from it, as seen on the screen 
of a cathode ray oscilloscope attached 
io two electrodes recording electrical 
events in a single nerve fiber. The action 
potential is diphasic because it is being 
recorded by two electrodes. The local 
electrical response and the action poten- 
tial were produced in succession and 
then superimposed to show their relation- 
Gen ies "нт. 2. Руно, 


Milliseconds 
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sequently, electric current flows from the int 
the depolarized spot. This flow causes these a 
in turn. In other words, the nerve is now stimulating itself. The process 
continues so that the state of depolarization moves away from the original 
site in both directions along the nerve. This combination of membrane 
changes, chemical changes, and electrical changes all together constitute 
the nerve impulse. However, the nerve impulse is usually described in 


terms of the traveling electrical change (called the action potential) since 
it is the easiest to measure. 


The action potential has an 


act areas on either side of 
reas to become depolarized 


all-or-none character. In other words, if 
it occurs at all, it has the maximum voltage that the axon can produce. 


Furthermore, it travels along the nerve without any loss of amplitude be- 
cause it is constantly generated at each point by the neuron. Since the 
neuron generates the action potential, its characteristics are determined 
by the nerve and not by the stimulus that began the whole series of 
events. The situation is roughly analogous to the firing of a gun. The 
stimulus (the finger on: the trigger) produces a pressure (the local ex- 
citatory state) that causes the firing pin to release the energy stored in 
the gun powder and start the bullet on its way. Whether the pressure on 
the trigger (the stimulus) is fast or slow, done with a finger or a hammer, 
does not affect the flight of the bullet. 

A nerve is not equally excitable at all times. After an impulse is 
generated, the nerve is less sensitive and must recover before another 
impulse can be generated. Thus nerve impulses occur as pulses or volleys 
even though the stimulus initiating them may be continuous (Fig. 4). 


Fig. 4. The repetitive responses of а 
under constant stimulation. The frequenc. 
stimulus proportional to th 
action potential does not ch 


single motor fiber from a crab 
у cf response increases with the 


strength of © numbers. Note that the amplitude 


of the 


Physiol, 107, idee re eft ange. [Redrawn from Hodgkin, J. 
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Synapses 


It has already been pointed out that nerve cells are distinct entities. 
The places where they come together, where the ends of the axon of 
one cell come into close contact with the cell body and dendrites of other 
cells, are called synapses. Synapses may be very complex structures. The 
terminations of many axons may impinge upon a cell (Fig. 5), or a pro- 
fusely branching axon may impinge upon many cells. Because of the 
many possible kinds of connections, the presence of synapses in a nervous 
system introduces great complexities into the pathways over which im- 
pulses may travel, just as a multitude of switches in a railroad yard per- 
mits more complicated movement of trains than do straight tracks alone. 
Even greater complexity can occur in the nervous system than in a freight 
yard, however, because the synapses are not simple switches that all 
work in the same fashion, For example, transmission across synapses 


Fig. 5. Synapses. (A) A motor nerve 
cell showing many presynaptic fibers 
ending on the same cell. (Redrawn 
from Lorente de No, J. Neurophysiol., 
1, 1938, 194.) (B) Three neurons from 
a stellate ganglion showing the net: 
work of presynaptic fibers associated 
with them. (Redrawn from de Castro, 
Cytology and Cellular Pathology of 


je SE System. New York: Hoe- 
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occurs in one direction only; 
ferently; and synapses eventua 
for a time. 


different synapses delay transmission dif- 
lly fatigue so that they may fail to transmit 


apses, summation, adds still 

‚ Summation takes place as fol- 
g the synaptic gap may be insufficient to initiate 
ted excitation of the same 
is, the successive excitations add (temporal 
naptic fiber may fail to excite 


ial summation ). 


t of summation is called facilitation; that is, ex- 
If to cause an effect may facilit 


Situation occurs at 
n one fiber blocks synaptic transmission 
on is just as important in nervous со- 
> aS we shall see later, it is the afore- 
ics and spatial interrelations of synapses 
ne nervous system Possible. 


Receptors 


Although some neurons are s 
without apparent stimulation, most і 
of its being stimulated by 
environment. The cells that 
called receptors. Receptors 


Pontaneously active 


and discharge 
mpulses in 


TS associated with very 
make up the eye 
» the sense organ is usually 
ye normally responds to light 
but will also respond to electrica] and mechanical stimulation, 

ange in the environment, is some form of energy 


a local excitatory state in a receptor. The local 
excitatory state generates an action potential that travels along the con- 


necting nerve, Although the receptor may be specific, the message it sends 
along the nerve is not, All messages in all nerves are alike in that they are 
nerve impulses, The stimulus, regardless of its nature, sendy a message 
which Says only that that particular ого; г i 


was intense, the impulses are close together; if weak, the à 
frequent (Fig. 1). The i si i 


the frequency of impu 
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number of fibers respondi 
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of a fiber decreases so that the frequency of firing gradually diminishes. 
This decrease in frequency under constant stimulation is called adapta- 
tion. The quality of sensation (light, smell, touch) depends on the nature 
of the connections that the sensory nerves make within the nervous sys- 
tem. The relation between stimulus, neuronal events, and sensation is 


illustrated in Fig. 6. 


Stimulus ч 
* changa in \ 


environment) 


Beltation MU aly oes баш | 


їп receptor 


spite DA | 
lin afferent fiber) 


Sensation Mee А раа ee 


i i { i he local 
rom showing the relation between the stimulus, t › 
ntial, and sensation. (Redrawn from Adrian, 


Christophers, 1949.) 


Fig. 6. О!го i 
excitatory state, the action pote! 
The Basis of Sensation. London: 


The nervous system does not sit idly by in a state of passive rest. 
Because of the spontaneous activity of many neurons, it is in a state of 


continuous background activity. Messages coming in from the sense 
organs in contact with the external and internal environment may be 


thought of as constantly modulating this background activity. It is the 
interaction of background activity and messages from sense organs that 


produces behavior. 
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ginning, two major trends 
have been evident in the evolving nerv- 
ous System: one toward a division of 
labor, in which different neurons or their 
Parts become specialized for different 
jobs, the other toward segregation, in 
Which like units become grouped to- 
gether. The over-all effect of this group- 


ing has been a tendency toward central- 
ization. 


Net and Radiai Nervous Systems 


The nervous system made its first 
appearance in the animal kingdom in the 


hydras, jellyfish, sea anemones, and corals. 
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changes. Other sense cells (epitheliomuscular cells) (Fig. 8) have flat- 
tened bases equipped with contractile fibers. Whereas the simple sense 
cells transmit excitation through their basal fibers to other cells, the 
epitheliomuscular cells transform the energy of the stimulus into work; 
that is, their bases contract. They are thus said to be independent effec- 
tors. Hydra, and other coelenterates as well, possess, in addition, non- 
nervous independent effectors that are of great importance in behavior. 
These cells (nematocysts) consist of small harpoon-like structures that are 
capable of being discharged when properly stimulated. 

The simple sense cells transmit their excitation either to the second 
element of the nervous system, the conducting elements, or directly to the 
muscles. Aside from independent effectors, a direct connection between 
sense cells and muscle is the simplest possible association between sensing 
element and working unit. It allows very little flexibility of action. On 
the other hand, when the sense cell ties into the conducting system, much 
more variable behavior is possible because of the increased number and 
complexity of connections with effectors. 

The conducting system is a network of unipolar, bipolar, and multi- 
polar neurons (Figs. 8 and 9). Although it was once believed that these 
neurons formed a continuous unbroken net, later investigation has shown 
that they are discrete entities that never lose their identity even though 
they come extraordinarily close together. This arrangement appears to be 
a synaptic system, yet it does not exhibit all the characteristics of one. For 
instance, it does not possess one-way transmission nor does it transmit 
without loss in strength. One portion of the network lies close to the ex- 
ternal surface of the animal (as does the conducting system of protozoa); 
the other portion lines the gastric cavity. All parts of the animal are in 


Fig. 7. Sensory cells (6) and cells 
of the epidermal nerve net of Hydra 
(7). (Redrawn from Hyman, The In- 
vertebrates, Vol. 1. New York: Mc- 
Graw-Hill, 1940, after Hadzi, 1909.) 


Fig. 8. An epitheliomuscular cell in 
the epidermis of Hydra, showing sup- 
porting fibrils (12) and myoneme of 
muscular base (13). (Redrawn from 
Hyman, Vol. 1, after Gelei, 1924.) 
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Fig. 9. Loose scattering of 
nerve cells in the epidermis 
of the oral disc of an anem- 
one. (Redrawn from Hy- 
man, Vol. 1, after the Hert- 
wigs, 1879.) 
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symmetry of the body and, as a moment's thought will reveal, will also be 
constrained by the symmetry. The maximum degree of centralization that 
can be achieved is seen in the hydroid medusae (jellyfish) and in starfishes 
and their relatives. 

The nerve network in the jellyfish is channeled into two nerve rings 
in the bell or umbrella, an arrangement made possible by the fact that 
some processes of the neurons became longer than others and were 
grouped into parallel bundles (Fig. 10). Such an arrangement permits 
speedy directional conduction rather than slow diffusion. The large upper 
ring receives fibers from the sense organs in the margin of the bell and 
also supplies the musculature which activates the bell. The two rings are 
connected by a network of neurons (plexus). 

The first true sense organs in the invertebrate series are found in 
the jellyfish. One kind (ocelli) respond to light; another kind (statocysts ), 
to changes in position. The ocelli (Fig. 11) are patches of pigment cells 
which may be cup-shaped and equipped with a lens-like body and are 
interspersed with nerve cells. The statocysts (Fig. 12) are groups of 
sensory cells associated with a round concretion of organic material and 
calcium carbonate. 


Fig. 10. Fine structure of the nerve 
ting of the jellyfish Gonionemus: (1) 
upper nerve, (2) fibers crossing to 
lower nerve (3), (5) connecting fibrils 
to subumbrella net. (Redrawn from 
Hyman, Vol. |, after Phyde, 1902.) 


Fig. 11. (Left) Complex ocellus of a 
jellyfish: (11) exumbrella epidermis, 
(12) subumbrella epidermis, (13) sen- 
sory epithelium, (14) pigment cup of 
ocellus, (17) statocyst, (18) velum. 
(Redrawn from Hyman, Vol. |, after 


Linko, 1900.) 


Fig. 12. [Right] Closed type of stat- 
ocyst found in the jellyfish Obelia: 
(2) statolith, (12) sensory cells. (Re- 
drawn from Hyman, Vol. 1. after the 
Hertwigs, 1878.) 
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Types of Behavior 
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ingly food inhibits locomotion. A fourth kind of nematocyst has its thresh- 
old to touch lowered by diffusible substances from noxious animals and 
thus is employed in defense. 

When the first two types of nematocysts discharge into prey, gluta- 
thione is released from the tissues into the water bathing the Hydra. This 
stimulates sense organs in the tentacle which then activates the adjacent 
epitheliomuscular effectors, causing the tentacle to contract toward the 
mouth. As the prey is brought to the mouth, the glutathione still diffusing 
from it stimulates receptors in the mouth region, causing thé mouth to 
open (in anticipation). A slow "coordinated" behavior is thus achieved 
without the intervention of a coordinating nervous system. Responses are 
graded in relation to the concentration of diffusing glutathione. Low con- 
centrations cause a writhing of the tentacles, higher concentrations cause 
contraction, especially of the tentacle holding the prey, since this tentacle 
is exposed to the highest concentration. Still higher concentrations cause 
the mouth to open. The threshold level, which is affected by the length 


of time the Hydra has been without food, determines how strong the ani- 


mal’s responses will be. 

In Metridium, feeding behavior is more than just a simple succession 
of responses to stimuli. As in Hydra, it consists of a preparatory behavior, 
a discharge of nematocysts, and movements conveying food to the mouth. 
The presence of food juices in the vicinity often causes a characteristic 
preparatory movement arising from the alternate contractions of the 
longitudinal and circular muscles. The disc expands, the stalk elongates, 
and the animal may make swaying movements. All of these movements 
increase the animal's chances of coming into contact with food. Each 
element of the pattern involves the coordinated activity of several muscle 
systems, which possess long latency and smooth contraction. Elongation 
involves the reciprocal inhibition and successive activation of two an- 
tagonistic muscle systems, the'circular muscles and the longitudinal 
muscles. The final act involves the reflex movements that carry food to 
the mouth. 

The preparatory feeding movements of M etridium are not a unique 
pattern brought about by stimulation; they are a modification of move- 
ments that are going on in the animal all the time, even in the absence 
of stimulation. Sea anemones in a constant environment show rhythmic 
spontaneous activity which is, however, so slow that it can be observed 
only by the use of time-lapse photography. This activity is produced by 
the alternate contraction of the longitudinal and circular muscles, the 
same ones employed in the preparatory movements. In Hydra, spontane- 
ous movements are few, but contractions and expansions do occur at 
intervals without apparent cause, and the tentacles may move about. 

Spontaneous activity is the basis of the swimming movements in 
such jellyfish as Gonionemus, where by vigorous contraction of the ventral 
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surface of the animal, water is forced rhythmically out of the bell. Experi- 


gin of activity is the nerve ring, for when 
of the movements of the bell is destroyed, 
ng and attached bell continue to contract 
rom the animal. Ingenious cutting experi- | 
‘ea anemones demonstrate strikingly that 
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individual parts has become coordinated. The coordination stems pri- 
marily from the topographical arrangement of nerves. Here also is seen 
for the first time an example of the degree of coordination of a non- 
nervous sort (the nematocysts) that can be achieved by differential re- 
sponse to chemicals. Although the chemicals concerned (in the feeding 
of Hydra) originate outside the body, the control obtained foreshadows 
chemical coordination by endocrine glands which in higher organisms 
work in such close association with the nervous system. 
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ч, 


oelenterates did not exhaust the potentialities 


of a radial nervous system».even when 
they abandoned sessile life for freedom 
of motion. The ultimate in radial nervous 
systems was achieved by the echino- 
derms (sea cucumbers, sea urchins, and 
starfish). Neither tentacular nor umbrel- 
lar movement had given the nervous sys- 
tem much latitude for change. With the 
development of tube feet in sea urchins 
and starfish and the added freedom of 
movement permitted by arms in the star 
fish, especially the brittle stars, coinci- 
dent with a more diversified nervous 
system, behavior achieved considerable 
versatility. One of the great advances of 
the nervous system was the increase and 
ordering of the neurons between the 
sense organs and effectors. As the nerve 
net began to condense into nerve tracts 
and to move away from its location near 
the surface of the animal, the distances 
between receptors and effectors bec: 
greater. Direct synapses betw 
tors and effectors ceased as 
neurons came to make connections. These 
intermediate neurons, the internuncials 
or associational neurons, made Possible а 
variety of connections between sensory 
neurons (afferent) and Motor néüfons 
(efferent) and thus, by Providing more 
Synapses and alternate Pathways, en: 


hanced enormously the 
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different echinoderms. Sea cucumbers have not advanced far. They 
possess a nerve ring surrounding the buccal cavity, nerves to the tentacles 
(when tentacles are present), five radial nerves supplying muscle fibers 
of the body wall, and a general body plexus. This system is consonant 
with the uninspired behavior exhibited by these sluggish animals, whose 
repertory consists essentially of moving the tentacles for food, righting 
themselves when upset, and burrowing in the ocean bottom. 


The Starfish Nervous System 


The basic plan of the nervous system in starfish is similar to that of 
sea cucumbers, consisting of a circumoral ring, a radial nerve to each of 
the five arms, and a dermal plexus. In detailed anatomy, however, it is 
wondrously complex, being differentiated not only into sense cells and 
motor neurons, but also into associational neurons, nerve tracts, and reflex 
arcs of various degrees of intricacy (Fig. 13B). Many of the activities of 
starfish can be understood ia terms of these units. The relationship illus- 
trates how strikingly behavior is a function of the nervous system. 

The outer surface of a starfish (Fig. 13A) is equipped with spines 
and pincer-like structures (pedicellariae) which can hold and paralyze 
small animals that come into contact with them. The outer ectoderm 
consists of epithelial cells, mucus glands, and about 4000 sensory cells 
per square millimeter of surface. Lying beneath these is a nerve plexus, 
the outer layer of which consists of randomly arranged fibers in ‘synaptic 
connection with the sensory epithelium (Fig. 13B). Still deeper, the 
plexus is organized into linear tracts. All of this structure lies outside 
the thick, fibrous stroma that constitutes the main bulk of the body wall. 
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Fig. 13. Diagrammatic representation of 
the nervous system of starfish (sp. spine: 
ped., pedicellaria; pl.s., superficial plexus: 
pl.d., deep plexus; mof.p., motor neurons; 
str., stroma; oss., ossicle; cd., radial nerve 
cord; fh, foot). (Redrawn from Smith, 
"Physiological Mechanisms in Animal Be- 
haviour," Symposia, Soc. Exp. Biol. IV. 
New York: Academic Press, 1950.) 
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Fig. 14. Diagrammatic representation 
of ihe nervous system of the starfish. 
Excitation from plexus is transmitted 
via the nerve cord to motor neurons 
(mot.p.) thence to neurons (mof...) 
thence via three main tracts (o, b, c]. 
(Redrawn from Smith, "Physiological 
Mechanisms in Animal Behaviour," 
mot.l. mot. р, Symposia, Soc. Exp. Biol. IV. New 
Е York: Academic Press, 1950.) 


Where thin spots exist in the body wall between the ossicles, synaptic 
connection may occur with the motor part of the system that lies inside 
the stroma. The inner surface of the stroma—that is, the part facing the 
body cavity—is lined with epithelium where the muscles and motor fibers 


are located. Thus the sensory system and associational pathways of the 
epidermis lie outside the stroma and the motor tracts inside. 


The calcified plates of the arm are so situated that the arm, its asso- 
ciated nerve arcs and motor centers, and the tube feet are segmentally 
arranged (Fig. 14). Motor neurons in the radial nerve cord send their 
axons encircling the tube feet, They join a later: 
which extend in three tracts to various р 

`a number of synaptic connections that e 


al motor center, axons of 
arts of the arm. Here they make 
ventually reach the muscles. 
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are unoriented, wholly reflex responses. When a region near a foot is stim- 
ulated, the foot retracts; when a wave washes over the animal, all feet 
retract, not as a result of coordination, but as independent members of a 
population all reacting to a common stimulus. Protraction and retraction 
are antagonistic movements that reflect reciprocal states of excitation and 
inhibition in the motor neurons of the foot. The neurons mediating pos- 
tural movements, however, reflect changing states of central excitation. 

Obviously, if there were not some coordination of stepping activity, 
the starfish would never progress. The coordination of feet within a given 
arm is effected by a control center at the base of the arm. An arm whosé 
feet are stepping in a distal direction is dominant over the others and 
imposes its direction on the others. Excitation to all feet of the animal 
is thus through-conducted from the dominant center via circumoral and 
radial nerve tracts. In some species, there is a tendency for arm number 
2 to lead most frequently. In all probability, some intrinsic feature of 
nervous organization, even possibly some retention of traces of bilaterality 
from larval days, is the basis of this behavior. 

Generally, there are autonomous transfers of dominance from one 
foot to another. This suggests that there are periodic rises and falls of 
activity in the different centers. It is even possible that this might explain 
why starfish, given the problem of removing a rubber tube placed on one 
arm, may “solve” the problem in a variety of ways. These various levels 
of nervous activity and waning and waxing of excitation may also explain 
how a starfish can right itself in a number of ways rather than by a single 
stereotyped method. It can, for example, right itself by somersaulting, 
folding over, or assuming a tulip form which causes it to flop over in an 
upright position. Whether or not a starfish can learn to use any particular 
arm in righting itself or profit by experience in escaping from pegs in- 
serted in angles between the arms is questionable. Some of the experi- 
ments are tantalizingly suggestive of elementary learning. 


Summary 


In our perusal of the animal kingdom thus far, we have observed a 
rd the formation of specialized cells for selective response 
receptors), the elaborations of these into 
tissues (sense organs), the development of 
le cells and organized muscle sheets), 
of excitation (nerve nets and nerve 
as gone hand in hand with a trend 
emain near 


tendency towa 
to environmental changes ( 
groups associated with other 
specialized response systems (musc 
and the channeling of conduction 
tracts). Specialization of function h 
toward spatial separation. Sensory systems obviously tend to r 
the surface of the animal; response systems lie at deeper levels; con- 
sequently, the sensory and motor portions of the nervous system localize. 

Conducting elements, which began as nerve networks lying close to 
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the surface, sink into the animal and become th 


e connecting link between 
receptors and effectors. Thus f. 


ar in the evolutionary scale, the connections 
direct. The number of neurons intervening 
between receptor and effector, however, seems to be increasing. These in- 
terneurons (internuncials) are, on the whole, not localized but are scattered 
in, and make up, the fiber tracts. The fiber tracts, which represent-a con- 
densation of the nerve network, are still made up of a mixture of fibers 
and their cell bodies, 

These evolutionary developments have permitted animals to make 
more refined assessments of environmental changes, more diversified 
movements, more rapid, directed, and coordinated response. Despite these. 
advances, however, the coelenterates and echinoderms remain animals 
with limited Tesponses, a low level of coordination, and an absence of 
central contro], Any attempt of the nascent nervous system to centralize 
has been severely restricted by the radially symmetrical body plan. No 
marked advances in nervous-system construction occurred until bilaterally 
symmetrical animals appeared on the scene. 


Win the assumption of a bilateral body plan, 


Bilateral 
Nervous 
Systems 


most animals acquired a longitudinal axis 
and a definite front and back. In this 
setting, the nervous system began a vital 
course of development whose end is not 
in sight and whose behavioral potential- 
ities seem limitless. Evolutionary trends 
that were observed in radially symmetri- 
cal animals—namely, a functional divi- 
sion of the nervous system, condensation 
of the nerve net into more direct con- 
ductive pathways, and the interpolation 
of internuncials between sensory and mo- 
tor systems as these moved farther apart 
—were perfected in bilaterally symmetri- 
cal animals. The refinement of sense 
organs culminating in the exquisitely at- 
tuned olfactory receptors of insects, the 
vertebrate-like eye of the octopus, and 
the beautifully efficient compound eye 
of the dragonfly continue in various 
branches of the animal kingdom. The 
problem of connecting nerves with mus- 
cles (neuromuscular mechanism) had 
been solved in a most efficient manner 
very early in evolution; hence, no further 
major changes took place. The effector 
system itself, the muscles, became more 
and more complex as animals developed 
articulated skeletons (external in the in- 
vertebrates, internal in vertebrates) that 
permitted a versatility of movement here- 
tofore unseen. 

The truly great advance that bilat- 
erality permitted was centralization of 
control. In simple animals, individual 
parts are rugged individualists; in com- 
plex animals, the parts have their actions 

27 


28 Bilateral Nervous Systems 


subordinated to the activit 
tionary development of th 


d Simultaneously in various parts of the body, 
nd of the animal assumed more and more 


ground to a more centralized system, it was 
never completely abandoned. It is retained in some form for special pur- 
poses in almost all animals. Although it is essential for normal locomotion 
in echinoderms and lower chordates (e.g., balanoglossids), it is less im- 
Portant in annelids and molluscs. In the earthworm, it is probably a 
Sensory relay system, In the mammalian intestine, a net is primarily re- 
sponsible for coordination of peristaltic movement. Throughout the i 
„mal kingdom, where sluggish movements are called for, a diffuse, slowly 
conducting net is efficient, TN 
Many of the stages of the evolutionary development of iit ie 
nervous system are preserved in the existing animal forms, pen : 
flatworms to arthropods. The beginnings of the system are to be eds 
in the simplest flatworms (Acoela) and primitive molluscs ( Chitins), 
Where it is still à network located near the surface of the body. In some 
Species, there is a faint suggestion of an anterior concentration of nervous 
tissue and a tendency toward developing the longitudinal strands of the 
Det more strongly than strands running in other directions ( Fig. 15A and 
B). The cells making up the strands have repressed the more or less equal 
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Fig. 16. Part of the nerv- 
ous system of a polyclad 
flatworm. (Redrawn from 
Hyman.) 


Fig. 17. Brain of а poly- 
clad flatworm showing the 
nerves (A) and the various 
ganglion cells (6, 17) and 
fiber tracts (12-15) within 
the central mass. (Redrawn 
from Hyman, Vol. 2. after 
Hadenfeldt, 1929.) 


development of all their extensions and have greatly elongated one process 
(the ахоп). Some specialization of sense organs, notably the statocyst 
and “eyes” in the form of pigment spots or cups, has occurred in the 
Acoela. The effector system is still essentially that of a longitudinal and 
a circular sheet of muscle cells, a “muscle field system.” A nerve network 
can adequately control such a diffuse effector system; however, diffuse 
nervous control and the lack of mechanical versatility of a “muscle field” 
preclude the execution of complex movements. As a consequence, com- 
plicated and rapid behavior is denied these animals. 

Ја polyclad flatworms, the nervous system has retreated from its 
exposed position at the surface of the body to form a submuscular plexus. 
Longitudinal cords are emphasized, the ventral ones becoming strongly 
developed (Fig. 16). These nerve cords, like those of Acoela and Chitins, 
are not pure fiber tracts; they are mixtures of cell bodies and axons. Ac- 
cordingly, one part of the cord, and hence, of the animal, is practically as 
talented as another. This is true even though there is a tendency for the 
cords to thicken at the anterior end. In the polyclad flatworms, the “brain” 
attains great complexity (Fig. 17), but the word “brain” is misleading 
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Fig. 18. Diagrammatic section through 
the head of a flatworm showing the 
brain (11) and the various kinds of 
receptors: (8) touch receptor, (9) 
chemoreceptors, (10) rheoreceptors. 


(Redrawn from Hyman, Vol. 2, after 
Gelei, 1930.) 


here in that it implies too much, behaviorally. The so-called br: 
concentrations of cells employed principally to funnel into the nery 


system the increased number of fibers 
of sense organs that are now concen 
animal (Figs. 18 and 19), 
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Fig. 19. An advanced type 
of eye of a land planarian 
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other words, the nascent bilateral 
nervous system, like the radial system, 
acts not only in accordance with 
changes impressed upon it at the mo- 
ment, but is also influenced by what 
has happened before. 

It is clear that the mere pos- 
session of a concentration of nervous 
tissue at the front end is insufficient 
for the performance of complicated 
behavior. The pioneer possessors of 
bilateral systems do not outshine in 
behavior the most highly developed 
coelenterates nor even some of the 
protozoa. The Rotifers, for example, 
which resemble ciliate protozoa re- 


markably in size and superficial struc- \ Vesicular 

ture, do not, despite the possession of ganglion 

a “brain,” nerve cords, sensory and Pedal 
ganglion 


motor nerves, and a bewildering array 
of muscles (Fig. 20) appreciably sur- 
pass the ciliates in behavior. Nor do 


the Entoprocta, small sessile meta- 

zoans possessing nerves, a main nerve Fig, 20. The musculature 
and nervous system of a 

mass, and muscles excel the stalked Rotifer. (Redrawn from Hy- 
man, Vol. 3, after Martini, 


protozoa which they so closely re- 1912.) 
semble. It is the cellular organization 
within the central mass plus a versatile mechanical system to play upon 


which counts. 


Ganglia 
t, it will be recalled, the cells and their processes 
are more or less evenly scattered in space (Fig. 9). As certain processes 
elongated to the exclusion of others, the bundles of fibers so formed still 
retained cells within their confines (Fig. 10), but as animals evolved, 
there was an increasing tendency to reserve cords for conducting ele- 
ments and to gather the cell bodies together into localized masses (gan- 
glia) (Fig. 21). Cords, being through-conducting systems, transmitted 
faster than a net. The ultimate in speed was achieved by the development 
of giant fibers, which transmitted faster because of their great diameter 
and which had fewer synaptic connections, and hence fewer delays, than 
ordinary fibers. These express lines of the central nervous system are 
found in annelids, molluscs, and arthropods, where they are used in such 
escape mechanisms as the violent tail-snapping response of lobsters. The 
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central nervous system sinks deeper into the body, where it becomes 
protected with various su 


tions, more or less equidis 
the center where fibers to 


pporting tissues. In these relatively deep loca- 
tant from sense organs and muscles, it becomes 
and from different parts of the body meet. 


Fig. 21. Relations between the termina- 
tions of sensory neurons (fs.) and motor 
neurons (nm.) in the ventral nerve cord 
of an oligochaete (Pheretima communis- 
cima} (Fgm., giant fiber). (Redrawn after 
Ogawa, Sci. Rep. Tokohu Imp. Univ., 13, 
nm. 1939, 395-488.) 


The choice of location for ganglia seems to depend on the configura- 
tion of the body and the 


desirability of placing relay stations in regions 

Where great and special activity takes place. As already mentioned, this 
is Preeminently the front end, that end of the animal first exposed to the 
vagaries of the environment, where large numbers of sense organs must 
€ tied into the nervous system. This portion of the ce 
tem remains dorsal to the aliment 
ventral. The two are connected 


ntral nervous sys- 
ary canal, while the rest of the system is 
by nerves going around the gut. The 
Sreatest development occurs in the dorsal region (supraoesophageal or 
cerebral ganglia) and the next greatest immediately below (suboesopha- 
geal ganglia). The degree of development of anterior ganglia is closely 
Correlated wi y and mass of sensory equipment. Thus the 
head Zanglia of free-living roundworms are well developed compared 
with those of parasitic worms, the trematodes and cestodes, whose sense 
organs are few. Where much motor activity is called for, ganglia tend to 
arise as motor relay stations. The pedal ganglion in the 
: an example. The anal and genital regions are 
ormation (e.g. the periang gangli scari. 
glia in a a pe WEM ane а placement 
а 5 У illustrated by the m 


Which possess at least three pairs: cerebral, pedal, and viscera] 
Animals that becam 


th the complexit 


olluscs, 


ig, 9 
: e markedly segmented (annelids and не a 
tially developed segmentally arranged ganglia (Fig, 23) Peds) ini- 
The role of ganglia in relaying sensor 3 


ordering or coordinating the action 
clearly seen in the locomotor activity 
complicated musculature, are well served by 
cords. Since the skeletal development of TOundwo, 

organized musculature, intricate modes of ims 


Movement a highly 


^4. became Possible, 


vis. g. 


p.v.c. 


TEE 


4, 


pa.g. 


x 


pl.9. vis. g. 


Fig. 22. Molluscan nervous systems. 
ped. g. ) \ (A) A chitin. (В) A gastropod. (С) A 

A lamellibranch (ce.g., cerebral gan- 
glion; p.v.c, pleurovisceral commis- 
sure; pa.g., parietal ganglion: ped.g., 
pedal ganglion; р/.9., pleural gan- 
glion; vis.g., visceral ganglion). (Re- 
drawn from Borradaile and Potts, In- 
vertebrata, New York: Macmillan, 


1935.) 


c 


The draconematid worm, for example, is able to progress in an inchworm- 
like fashion because it is able to coordinate the number and sequence of 
muscles that contract (Fig. 24). In a segmented animal, even more ver- 
satile locomotion is possible. How this is accomplished in the earthworm 
is illustrated by the ingenious experiment of Friedlander (Fig. 25). 

The earthworm moves by means of waves of peristalsis passing from 


anterior to posterior. If the entire ventral nerve cord is removed, locomo- 

` tion is not possible. This proves that activity is not propagated by the 
subepidermal nerve net. If a worm is transected completely except for the 

nerve cord, which is the only part that holds the two ends of the worm 

together, a coordinated peristaltic wave still occurs. However, its persist- 

ence when the cord is cut or even removed from several segments shows 


that it need not be transmitted via the cord. If a completely transected 


worm is held together by threads (Fig. 25), the wave is essentially nor- 


mal. This clever experiment illustrates that 


as each segment contracts, it 


Fig. 23. Anterior part of the nervous 
system of the earthworm (Lumbricus 

- terrestris) (b. mouth; cb. buccal 
cavity; ce, cerebral ganglion; P. 
prostomium; ph., pharynx; sg., stoma- 
fogastric nervous system; so. sub- 
oesophageal ganglion}. (Redrawn 
КҮЙ Hess, J. Morph., 40, 1925, 235- 
261. 
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Fig. 24. 


Inchworm-like locomotion of a free-living nematode (draco- 
nematid). 


(Redrawn from Hyman, after Stauffer, 1924.) 


exerts traction on t| 
lates its sense or 
muscle; 
of sw 


he succeeding segment (via the threads) NO rand 
gans (proprioceptors), whose activity is relayed to 


5 of that segment by the ganglion. Peristalsis thus proceeds by way 
cessive segmental reflex actions. 


A different type of locomotio 
moves in а wav 


traction is such 


n occurs in the sea worm Nereis, which 
y snake-like fashion. Here the coordination of muscle con- 
that the muscles on one side of a segment contract while 
the corresponding set on the other side relaxes; this action is alternated. 


Leeches move by an inchworm-like action that requires still more complex 
Coordination; the anterior and posterior suckers alternately attach and 
disengage in coordination with the contractions of the body musculature, 
In these forms, an intact cord and the ganglion serving the motor area 
are necessary, but the cerebral ganglion is not required. Similarly, the 
cerebral ganglion is not required by the mussel (Mytilus) when it moves 
and spins threads for attachment to the substrate (using the visceral gan- 


Provided the two halves were joined by a thread. (Redrawn from Graces. 
Traité de Zoologie, 5, 1959, 262.) rassé, 


Post 
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glion). Clearly, it is possible for each area of these animals to be more 
or less autonomous and still act in concert with other parts without a 
master control center. The potentialities of such an arrangement have 
definite limitations. 

Ganglia (and ganglionated cords) act not only as relay stations but 
also initiate activity. Thus complicated adaptive movements may be 
carried on by a series of spontaneously active “clocks.” The lugworm 
(Arenicola marina), for example, lives in a U-shaped burrow which it 
keeps open by rhythmic respiratory, locomotory, and feeding movements. 
These rhythmic cycles (the defecation cycle, too) are not simple reflexes 
in response to a changing environment; they are rhythmic muscular con- 
tractions driven by spontaneous activity in various parts of the nervous 
system. The brain is quite unnecessary; isolated fragments of the animal 


perform their normal cycle well. 


Behavior in Simple Ganglionated Invertebrates 


Coinéident with the development of complex means of locomotion 
has been the elaboration of mechanical senses to detect stress and strains 
within the body and to signal the postural relation of one part of the body 
with respect to another. As a consequence, behavior now consists not 
only of locomotion and feeding but also of characteristic postural attitudes 
(e.g, the positions assumed by earthworms during copulation) and of 
manipulation of the environment. 

Despite the lack of appendages (in earthworms) or the possession 
of anything more than mere fleshy flaps (parapodia of seaworms), a 
certain dexterity has been attained by these animals. Darwin was fasci- 
nated by the apparent intelligence earthworms showed in dragging leaves 
into their burrows. Emerging from its burrow at night, an earthworm 
keeps its posterior end firmly anchored in the gallery as it stretches its 
anterior end across the surface of the ground in exploratory movement. 
When certain vegetable debris is encountered, it is pulled over and into 
the burrow by the proboscis. Darwin believed that leaves (or bits of 
paper cut into various shapes) were always seized in such a way as to 
insure that the shape offered the least resistance to passage into the bur- 


row. While it is true that the worm can differentiate the stem from the 


other end of the leaf by chemical stimuli, recent studies have shown that 


the successful pulling of leaves into a burrow is a trial-and-error process. 
By and large the actions of earthworms are simple, rigid responses to 
stimuli. 

Many aquatic worms construct quite serviceable tubes in which they 
live. One such (Aulophorus carteri) builds a tube with the spores of an 
aquatic plant (Fig. 26). The anterior end of the worm undulates until 
the prostomium encounters a spore. When this happens, the head is 
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flexed and the Spore is taken into the mouth and covered with saliva. 


The worm then retracts to bring the spore to the top of the tube, where 
it is held in place until firmly stuck. 


ati ipu- 
Some sea worms (e.g., Chaetopterus) secrete mucus that is dpi. 
Е a = А ег 
lated into а bag which Serves as a strainer to remove food from wa 


circulated through it, When the bag is full, it is rolled up, transferred to 
the mouth, and swallowed, 


Fig. 26. Method of tube 
“Жа ы by the worm 
Aulophorus carteri, using 
the spores of an sque ic 
plant. (Redrawn after : se 
ter and Beadle, 137 E 
Grassé, Traité de Zoologie, 
5,1959, 390.) 


At this level о 
but can also 
electri 


anization, animals can not only Haiman 
rly readily, especially: to light, touch, anc 

€ brain is not required, Whether higher 
levels of learning are Possible is questionable, The behavior of worms 


at it is; however, the experiments require 
nails clearly learn T-mazes, 


they innervate fin 
higher control; ot 
Parts rather than 


ally demanded that t 
herwise the animal would have to 


goal a Бава (Fig. 27) 
es ne is inh;k 
center; the Suboesophageal one, a motor center ‘th is aj inhibitory 
Nereis no longer feeds or burrows, is less Sensitive t, li "ps re torner 
and is hyperactive. Without the sub БАГ and 


il 


Fig. 27. Cerebral ganglia 
in a polychaete worm (Ne- 
reis diversicolor) (An. an- 
tenna; Na., antennal nerve; 
Ca, Cp. perioesophageal 
commissures; P., palp; Np., 
palpal nerve; Pd. portion 
cf pedunculate body: Oa., 
Op., eyes. (Redrawn after 
Retzius, Biol. Untersuch., 7. 
1895, 6-11 and Holmgren, 
Kungl. Svenska Vetenskaps 
Akad. Handl., 56, 1916. 
1-303.) 


snails, limpets, etc.), the ce.ebral (supra- 
become the controlling center for the 
activities of the animal. As a consequence of its development, these ani- 
mals are capable of behavior of considerable complexity. In addition to 
habituation and simple conditioning, they exhibit complicated coordi- 
nated reflex behavior and a marked ability to modify their behavior. The 
snail Helix displays a complicated courtship behavior in which two in- 
dividuals approach, evert the genital area, and launch calcareous darts 
with enough force to penetrate each other's internal organs. V'oilowing 
this heroic stimulation, fertilization takes place. 


Some snails learn a T-maze after sixty trials and retain the habit for 


about thirty days. Other gastropods, notably limpets, show a homing 
hic relations. Limpets, which 


sense that suggests true learning of topograp 

fasten themselves to a particular spot on a rock and make feeding excur- 

sions from there at low tide, usually return to the same spot. Although 
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they may return along the out 
nd may return from a distanc 
ent route. This behavior woul 
cues. It indicates that these 
, ment of sensory cues, 


going path, they are not dependent on it 
€ as great as five feet by an entirely differ- 
d tend to rule out the use of trail-following 
animals can make a well-integrated assess- 


Integration and Compartmentalization 
Ganglia began as relay stations, Later they started to modify the 
fore passing them on to motor systems. They 
ity of their own which they passed on. They 
ments by ceasing to be mere aggregations of 
odies whose axons stretch out to the farthest 
y new cells were added whose processes never 
es of the ganglion. Ganglion development was 
city and complexity, Not only was the number 
kinds of neurons increased. An infinite number 
of varieties differing in size, shape, and number of processes, in shape and 
size of cell body, and in the number and nature of connections arose. 
i t differences in function. And the cells of 
er into tight groups which enhanced the 
ctions in a given space and reduced the time of 
As ganglia beca 


me compart- 
mentalized, function 


Fig. 28. Transverse section through 
became local- 


the cerebral ganglion of the ascidian 

ized in different areas, ganglia be- Phollusia nigra, showing the concen- 
E : tration of ganglion cell bodies in iig 

came integrative centers of great cortical region. (Redrawn from Hilton, 
complexity, and behavior extended = rk Zool. Claremont, 33, 1941, 44. 
to new horizons, i 


One need only 
compare the simple ventral gan- 
glion of an oligochaete worm (Fig. 
21), the elementary cerebral 
glia of a polyclad flatworm (Fig. 
17) and those of one of the chordate 
ancestors of the vertebrates (Fig. 
28), the more complex ganglion of 
a polychaete worm (Fig. 27), of the 
insect (Fig, 31), and of the verte- 
brate (Fig, 33) ‘to appreciate the 
significance these developments 
must have had on behavior. And in 
our preoccupation with neurons, we 
must not overlook a Significant new 


gan- 
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development, beginning in annelids: the incorporation into ganglia of 
cells (neurosecretory) whose secretions have profound effects on the 


behavior of animals. 


Cephalopods (Octopi.and Squids) 


In the octopus, the supraoesophageal ganglia have burgeoned forth 
and, in association with the suboesophageal ganglia, form a complex and 
highly talented brain. As a consequence of this development, the octopus 
(and squid) is capable of behavior which far outstrips that of any of its 
evolutionary predecessors. It exhibits complicated postural and fright 
behavior and elaborate courtship; it has territorial behavior, that is, it 
confines its activity to a circumscribed area and behaves aggressively 
toward other octopi entering this area; it has a homing sense; it has visual 
discrimination and form perception equal to or exceeding that of insects; 
it can be conditioned readily and learns a maze with ease. Its learning 
abilities greatly transcend anything encountered thus far in the animal 
kingdom. 

All these advances in behavior are indisputably associated with the 
enormous development of the brain. Complexity, multiplicity, and com- 
partmentalization have been carried to the point where there are fourteen 
main lobes mediating different functions (Fig. 29). The anatomically 
lower lobes regulate only simple functions; the sensory lobes (e.g., optic 
lobes) receive, discriminate, and analyze stimuli from the environment 
and appropriately activate the motor centers; the highest centers (ana- 


1. vert. 
a V fr. sup. med. 


l. bos. med. 


l post. bas. 
m x | bas. lat. 


1. fr. inf. 


Fig. 29. Diagrammatic lateral view 
of the brain of an octopus, showing 
ihe main connections of the vertical 
lobe system. The optic lobe is dis- 
placed downwards (I.post.bas., poste- 
rior basal lobe: /.bas.med., medial 
basal lobe; |.bos.lot., lateral basal 
lobe; l.chrom.posf., posterior chroma: 
tophore lobe: /.тад., magnocellular 
lobe: Г palliov., palliovisceral lobe: 
Lopt., optic lobe; /.verf., vertical lobe: 
Ifr.sup.med., medial superior frontal 
lobe: l.fr.sup.lat., lateral superior fron- 
tal lobe; /.£r.inf., inferior frontal lobe: 
lbucc.sup. superior buccal lobe). 
(Redrawn from Thorpe, Learning and 
Instinct in Animals. Cambridge: Har- 
vard University Press, 1956, after Boy- 
cott and Young, 1955.) 
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L fr. sup. lot. 


No posture 


Fig. 30, Diagram їїшїгөї, 
ing the effect of removal o 
various parts of the brain 
on the posture and move- 
ments of the octopus. (A) 
Complete removal of supa 
Posture but oesophageal (е. (B) 
no wolking Complete removal of sup! 
| oesophageal lobes leaving 
optico-suboesophageal con- 
nections intact, (C) Sever- 
ance of optic tracts and 
removal of half of the n 
raoesophageal ganglia. 
TRadrocn m Boycott 
and Young, "Physiological 
Mechanisms in Animal Be- 
havior," Symposia, Soc. Exp. 
Biol., IV. New York: Aca- 
demic Press, 1950.) 
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Insects 


The apogee of invertebrate behavior is realized in the insects, 
especially in the Hymenoptera (ants, bees, and wasps). There are over a 
million species in the Class, and one would hardly expect either the kind 
or the level of behavior to be uniform in the group. Consequently, we will 
examine only the highest behavioral achievements, which illustrate what 
can be done with the kind of nervous equipment available, and we will 
also analyze the relation between behavior and the neural developments 


we have been discussing. 
From the very start, it is clear from the mountain of literature on 
the subject that extraordinarily complex behavior is possible. Much of 
n rivals that of mammals, so much so 


this behavior resembles and eve 
that writers have been led to impute to insects reasoning and intelligence. 
exity, of their behavior; however, 


This is the greatest tribute to the compl 

experimental analyses show that these are largely stimulus-bound animals 
that operate in a stereotyped fashion in strict accordance with the stimuli 
received. At the same time, it must be emphasized that in the higher 
forms there is a certain plasticity of behavior and that learning attains an 


important level. 


Three developments have made such complicated behavior possible: 


the elaboration of very complex sense organs, which permit a highly 
discriminative assessment of the environment; the evolution of jointed 
appendages and their subsequent modification into legs and mouthparts 
of extraordinary complexity, making possible an exceptional manipulative 
ability; the development of a brain that is complex enough and has a 


sufficiently integrative capacity to organize the wealth of sensory infor- 


mation received and to direct all the motions of the appendages (Fig. 31). 


Op. Nv. Ор. Op.T. Ce. Pner. Pier. Pcr. L. 


Fig. 3l. Simplified diagram of the 
f the insect brain and 
al fiber tracts (Op.Nv., 
optic nerve; Op.L., optic lobe: OpT. 
optic tract; Cc. corpus centrale; 
Cpd., corpus pedunc 
room body; Pncr., 
Picr., pars intercerebralis: 
cessory lobe; Ant.Nv., antennal nerve: 
Апі.С., antennal center; | Com. 2 
Com., 3 Com., commissures: Fr.Gng- 
frontal ganglion; Coe.Con., circum- 
oesophageal connectives to suboeso- 
phaaeal ganglion). (Redrawn from 
Snodgrass, Principles of Insect Mor- 
phology. New York: McGraw-Hill, 
1935.) 
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The visual, olfactory, and tactile senses have become well developed. 
The compound eye, the best visual system developed by the invertebrates 
(with the possible exception of the cephalopod eye), may be an = 
visual acuity, form perception, and color vision by vertebrate standar 9 Sy 
but it still possesses these qualities to some extent. It is superior in the 
perception of flicker, an attribute of considerable adaptive value because 


sense, i east 
of the speed with which many insects fly. The olfactory sense, at leas 
insofar as acuit 


Y is concerned, rivals the best that vertebrates have to 
offer. The mechanical senses are well developed, the proprioceptive a ne 
necessarily so in order to keep the nervous system informed about or 
Positions of the many parts of the highly articulated body; the tactile 
sense is developed to a degree that makes a highly accurate sensory 
survey of the substrate possible. : к. 

Equipped with these Systems, insects are able to manipulate ies 
environment and to maintain elaborate relations with one another. T d 
build nests of great complexity; burrowing bees and wasps re 
underground nests and provision them with paralyzed prey as fooQ «s 
the young; mud-daubing wasps construct characteristic nests of muc 
Which are also provisioned with prey; paper-building wasps erect elabo- 
Tate nests from reconstituted wood fiber; honeybees construct precise 


waxen combs. In rare cases, insects use a bit of the environment as a tool. 
The classical case is th 


at of certain tropical ants which make nests of 
leaves held together by silken threads. The ants themselves cannot spin, 
but the larvae can, The adults hold the larvae in their jaws and use them 
as shuttles, 


Coincident with nest building is intim 
the species, These associatio 


a strong sense of territoriali 
abilities, Social insects, ants, for example, have mor 

castes, each of which has its own characteristic behavior, This fact is 
especially interesting, since all may be of the same genotype. The activi- 
ties may be quite bizarre, ranging from hunting, defense of the colony, 
capturing and enslavement of other species, cultivation of fungus gardens, 
care and tending of aphids whose saccharine secretions are highly prized, 
and conversion of themselves into veritable wine casks for the Storage of 
honey for the needs of the colony. 

Territoriality involves the defense of 
recognition of home, and the ability to 
Insects’ powers of orientation : 
landmarks rival that of the ma 
follow chemical trails or orie 
pattern of daylight. Flying f 


ate association with others of 
ns culminated in highly organized social units, 
ty, and the acquisition of considerable homing 


Phologically distinct 


heir ab arn and remember 
mmals. W alking forms (ants) deposit and 
nt by visual cues pilaria li ht 
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ees, w by visual land- 
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e over distances as great as a mile by determining 
d the plane of polarization of the light in the 
landmarks have been moved proved that new 
landmarks can be learned very quickly, in one nine-second orientation 
flight. Honeybees carry this ability further; in the hive they perform 
dances whose speed and orientation with respect to gravity code the 
distance and direction from the hive to a given supply of food. 

The wide scope of these activities leads the unwary to postulate a 
higher behavioral capacity than these insects actually possess. It goes 
without saying that habituation is a common phenomenon. Much of 
integrated social behavior can be explained by habituation. For example, 
strangers in an ant or bee nest are immediately recognized on the basis 
of their odor and are often killed. If, however, a stranger is introduced 
at a time when the colony is busy with other matters, he may pass un- 
noticed and eventually be accepted, One explanation is that the others 


become habituated to his odor. 


marks and can navigat 
the position of the sun an 
sky. Experiments in which 


Fig. 32. (Left) Learning curve for a fairly successful performance of 
Formica incerta in the maz is outward trip to food 
place. B is return trip to nest. 
the investigation of ant learning. 
Instinct in Animals. Cambridge: 


Schneirla, 1933.) 


shown at right. A 

(Right) Maze used by Schneirla (1933) in 
(Redrawn from Thorpe, Learning and 
Harvard University Press, 1956, after 
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Innate responses to stimuli also explain much of the highly M rim 
behavior of the social insects, Performance and interpretation of the 


many animals, In navigation, the automatic corre- 

| » the plane of polarization, and the pull 
dance is being done) is innate, On the other hand, 
visual cues in the environment are learned. 


bility of insects varies greatly from one species to the 
next. Most insects are capable of c] 


j 


IS une now to the vertebrates, we come upon 


The 


Vertebrate 
Nervous 


System 


a new specialization in the evolutionary 
development of the nervous system, for 
these animals with backbones have a 
single, hollow, dorsal nerve cord which 
terminates anteriorly in a large ganglionic 
mass, the brain. The trends seen in the 
invertebrates continue in the vertebrate 
series, for there is a further concentration 
of neural tissue centrally and an enlarge- 
ment of the over-all size of the central 
nervous system, owing to an increase in 
both the number of nerve cells and the 
complexity and extensiveness of their in- 
terconnections. Most important of all, 
however, is the continued process of 
encephalization in which there is a great 
expansion in size and functional capac- 
ities of the more anterior parts of the 
central nervous system, the great devel- 
opment of the brain itself. 

The striking nature of these changes 
can readily be seen upon gross examina- 
tion of representative vertebrate brains 
(Fig. 33). Two points are noteworthy 
here. First, in this vertebrate series, 
brain-weights range from a few grams in 
fish, amphibia, and even large reptiles 
to 1200-1400 grams in man, and even 
more in large animals like.the elephant 
and whale. Second, there is a progressive 
change in the configuration of the brain, 
as we can see in the enormous develop- 
ment of the cerebral hemispheres and 
particularly in the cortex overlying them. 
In order to appreciate the full signifi- 
cance of the process of encephalization, 
it will be helpful to review briefly the 

45 


F. Insectivore 


Motor Somo- 


control esthesis 


Frontal а 
association- -t 


H. Horse 
Fig. 33. Lo rate brains: (A) lamprey, (B) 
shark, (C) codfish, (D) frog, (E) alligator, (Е) insectivore (aymnura), (G) 
goose, (H) horse, (!) man. (After Romer. 
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The Vertebrate Nervous System 


The Spinal Cord 


In all vertebrates, the spinal cord has two major functions. One is 
the integration of reflex behavior occurring in the trunk and limbs, and 
the other is the conduction of nervous impulses to and from the brain. 
A reflex is a simple response to a simple stimulus such as the knee jerk 
or the withdrawal of a limb to painful stimulation. The basic spinal 
mechanism for integrating reflexes is the reflex arc (Fig. 34). Typically, 
it consists of the following components: (1) receptors in the skin, muscles, 
and joints that are selectively sensitive to various stimuli and form the 
beginning of (2) afferent or sensory nerves or neurons which enter the 
dorsal part of the spinal cord and terminate in contact with (3) inter- 
neurons or associational neurons which in turn terminate upon (4) effer- 
ent or motor neurons which pass out of the ventral part of the cord to 
end in appropriate effectors, either muscles or glands (Fig. 34). 

In some cases like the knee jerk, the sensory neurons connect di- 
rectly with the motor neurons in a monosynaptic arc reminiscent of the 
direct sensory-motor connections found in the simpler invertebrates. As a 
rule, however, it is through the many connections of the associational neu- 
rons within the spinal cord that information coming over various sensory 
neurons is organized and integrated so that a pattern of activity is set up 
in the motor neurons, leading to an organized pattern of response. This 
a spinal reflex such as that seen in the withdrawal or flexion 
n a noxious or painful stimulus is applied to its distal end. 
flex looks simple, it is actually a complex, patterned re- 
action of many muscles and involving a 
number of basic neurophysiological mechanisms. For example, in order 


to execute a flexion reflex, the organism must contract its flexor muscles 
which pull the limb toward the body and simultaneously relax the antago- 
nistic extensor muscles. This pattern of stopping an activity when its 
arted is the classical pattern of reciprocal excitation and 
inhibition that we will see wany times in the study of the nervous sys- 
tem. At the same time that one limb is flexed, it may be necessary for the 
animal to extend its opposite limb for support against the ground in a 
crossed-extension reflex which calls for a contraction of extensor muscles 
and a relaxation of flexors. Together these two reflexes make up the basic 
pattern of stepping. 

In all these actions, the contracting muscles may actually stretch the 
opposing relaxing muscles. Whenever muscles are stretched by the action 
of their antagonists, stretch receptors embedded in the muscles are acti- 
vated, and a stretch reflex is initiated. In this reflex, the stretched muscles 
begin to contract and the antagonistic muscles begin to relax, offsetting 
the original reflex somewhat. In addition. the stretch reflex activates 
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special small motor neurons that go back to the very same stretch re- 
ceptors, and their action there may result in a reduction of the stretch im- 
posed on the receptors so that they are “reset” to an optimal range of 
sensitivity. Then they can more readily respond to still further stretch 
that may be imposed upon them. The net effect of all these neurophysi- 
ological mechanisms is to permit movements to be executed in a smooth 
and graded fashion, sensitively integrated into a meaningful whole with 
all other movements. 

All these reflexes may be obtained in the spinal animal where the 
spinal cord is severed from the brain, and indeed the basic integrating 
mechanisms may be contained within a few segments of the spinal 
cord, So it is easy to see, in even a simple system, what an important role 
the central nervous system may play in the sorting of sensory informa- 
tion and in the organization and patterning of motor responses. More 
complex reflex functions like the scratch reflex and walking reflexes 
require the organization of even more sensory information over many 
segments of the spinal cord and the coordination of even more complex 
patterns of response. 

In addition to mediating skeletal muscle reflexes, the spinal cord is 
connected, through special nerves branching off from it, to the autonomic 
nervous system which innervates the viscera, blood vessels, and other 
smooth musculature of the body. As you can see in Fig. 35, the sympa- 
thetic branch of the peripheral autonomic nervous system consists of a 
chain of ganglia lying along the middle region of the cord which sends 
out a diffuse network of fibers to the organs innervated. From the most 
posterior region of the cord and from the brain arise the nerve fibers of 
the parasympathetic branch of the autonomic nervous system which go 
directly to the individual organs they innervate over discrete, individual 
pathways. In general, the sympathetic system functions in active proc- 
esses that expend energy’ (increased heart rate, blood pressure, pupil 
dilation, etc.) and the parasympathetic is reparative in function (pro- 
mates digestion, sleep, etc.), but this "antagonism" is not always distinct 
or consistent. Both systems have their central representation in the various 
parts of the brain concerned with visceral functions (medulla, hypo- 


thalamus, old cortex). 


When the influence of the brain on spinal reflex mechanisms is intact, 


the complexity of reflexes and other behavior increases vastly. This is 
achieved by nervous conduction to and from the brain through long 
columns or tracts of nerve fibers (axons) which run up and down the 
peripheral parts of the spinal cord. Upon gross examination, the columns 
appear white (Fig. 34), for the larger axons in them are sheathed in a 
white fatty substance called myelin. The butterfly-shaped core of the 
spinal cord is gray, for it consists mainly of cell bodies of associational and 
motor neurons which are unmyelinated. The ascending or sensory col- 


CRANIAL 


THORACO-LUMBAR (Sympathetic) 


lris 


Salivory glond 
Artery of salivary gland 


Hair 
Sweat gland 
Surface artery 


Heart 


Liver 

Hair 

Sweat glond 
Surface artery 


Stomach 


Spleen 


Visceral artery 


Small intestine 


Adrenal medulla 


Hoir 

Sweat gland 
Surface artery 
Bladder 


Colon 


Rectum 


Artery of ext. genitals 


Fig. 35. Diagram of the brain and spi 
A Sad spinal à 
pathetic ganglionic chain in the какы! ы, showing) the, sym. 
ерер њене quw from the brain and + ES the cord and 
É rawn fro „В, i re! regi 
Norton, 1932] m Cannon, The Wisdom of the Body Naw vec 
" гк: 


umns consist mainly of long branches of peri 

итп: i а peripheral se. 
ing into the spinal cord and crossing to сота 
central course (Fig. 36). In а large animal, these div 
may thus be many feet in length, especially in th s 
nerves arising in the foot and going up + 


У Neurons com- 
e early in their 


idual nerve cells 
ase of 


е into the ; регїрһега1 
different sensory systems are segregated sem к Toa large degree. 
there are somewhat separate columns media © spinal cord so that 


le sense or i i ting ai 
muscle proprioception, and touch, Th n, temperature sense 
5 5 


€scendi 
ding or motor 


The Vertebrate Nervous System 


columns consist of neurons going all the way down from the brain and 
crossing to the motor nerve cells in the ventrál parts of the spinal cord 
(Fig. 36). Because of this crossing in both the motor and sensory neurons, 
the left side of the brain typically controls the right side of the body and 
vice versa, so that with a brain injury, there is usually paralysis or loss of 
sensitivity on the opposite side of the body. 

In the course of vertebrate phylogeny, the basic organization of the 
spinal cord undergoes relatively little change, However, as the forward 
parts of the brain develop, the ascending spinal columns extend up to 

_ them (thalamus), and the descending columns originate in the highest 
parts of the cerebrum, the cortex itself. At the same time, the tracts be- 
come more concentrated and distinct and their functional connections 
more discrete, all of which permits greater refinement and segregation 


of functions. 
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In this discussion of the spinal cord, we have illustrated, in some- 
what simple form, some of the basic principles of organization and 
function that apply to the vertebrate nervous system as a whole. First, 
as was illustrated in the reflex arc, we can see that the nervous system, 
with its sensory, associational, and motor components, is a great stimulus- 
response correlation mechanism. Second, it operates according to a prin- 
ciple of reciprocal excitation and inhibition, so that as one activity is 
started, another, perhaps antagonistic, "activity is actively stopped. Third, 
it has built into it a feedback mechanism from the muscles so that it is 
promptly influenced by the consequences of its own activities. Fourth, 
in addition to such sensory monitoring of motor activities, there is also 
a motor or efferent modulation of sensory activity, as in the case of "re- 
setting" the stretch receptor. 

As we turn to the complexities of the brain itself, we shall see addi- 
tional principles of nervous action illustrated, for the brain has additional 
associational mechanisms for the integration of sensory and motor activi- 
ties over its own neurons, or through the ascending and descending 
columns, over the spinal neurons. Thus, in the case of man, for example, 
a painful stimulus in the toe results automatically in a spinal reflex of 
withdrawal; in addition, however, the information is integrated at several 
levels within the brain, a sensation and perhaps an emotion results, and 
the reflex may be modified ог inhibited in the light of other information 

reaching the brain—by attitudes, past experiences, etc. Not only is the 
reflex behavior mediated through the vertebrate brain apt to be more 
complex and variable than spinal reflexes, but, as we shall see, additional 


behavioral properties appear as a result of the enormously complex net 
work of associational neurons as well plex net- 
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nerve fibers terminated in different parts of the primitive brain. As the 
receptors for posture, balance, and equilibrium became more important, 
a special area in the hindbrain enlarged, becoming the cerebellum. The 
dorsal part of the midbrain, which was the original terminus of the 
visual pathways, greatly increased in size as the visual receptors de- 
veloped. Finally, the cerebral cortex of the forebrain appeared first as the 
region of the brain mediating olfactory functions. 
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(3) As the more anterior parts of the brain developed and enlarged, 
they mediated functions once carried out solely by posterior structures. 
The result is that a given class of functions in an advanced vertebrate 
may be carried out at several levels of the brain, the anterior levels 
mediating the more complicated and more recently evolved of these 
functions and the posterior levels the simpler and more stereotyped. 

(4) Not all the changes we can trace in vertebrate phylogeny, how- 
ever, are simple linear increases in the size and functional importance of 
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given structures, for many of the living animals we examine are highly 
specialized with highly specific adaptations in structure and Marine 
For example, in certain fish that have taste receptors all over the ges 
(catfish), there is enormous development of the vagal lobes of the 
medulla where the vagus and other taste nerves have their cell bodies. 
In mammals, however, where the taste receptors are confined to the 
tongue, these regions of the medulla are relatively small. With pesh 
points in mind, we can now examine the five major divisions of the Ee 

Myelencephalon. 'The hindmost part of the brain, consisting of the 

medulla, is essentially an extension of the spinal cord into the brain, for 
it contains the continuation of the sensory and motor columns of the cord. 
In addition, like the cord, it has its own dorsal and its own ventral sensory 
and motor nerves entering and leaving it; these are the cranial nerves 
that serve the skin and muscles of the head and the special sense organs 
concerned with taste, hearing, and balance. Throughout the vertebrate 
series, the medulla functions in the control of vegetative functions, particu- 
larly respiratory and cardiovascular ones, but in higher vertebrates, many 
of these functions are overshadowed by the development of vegetative 
functions in the hypothalamus and the older parts of the cerebral cortex. 

Metencephalon. The most prominent structure in this anterior region 
of the hindbrain is the cerebellum, a complex structure serving in the 
coordination of movements and the maintenance of posture, tone, and 
bodily equilibrium. In early vertebrates, the cerebellum developed as an 
enlargement of the vestibular and lateral line centers and received sen- 
sory fibers from the muscles (proprioception). Later, new parts of the 
cerebellum, the cerebellar hemispheres, developed and they received 
fibers from all the sensory systems. 

Mesencephalon. This is the midbrain. Its dorsal sensory centers, 
making up the tectum, developed originally in association with optic 
fibers coming into this region of the brain and became the primary visual 
center, the large/optic lobe, in fish and amphibia. As visual centers in the 
thalamus and^cortex developed ahead of it, the midbrain tectal region 
now differentiated as the superior colliculus, remained a center for simpler 
visual functions, off the mainstream of pathways going from the eva t 
the thalamus and cortex. At the same time, ju ye to 
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cord and medulía and, as such, is the great sensory integration mechanism 
in the lower vertebrates. As the cerebrum develops, certain parts of the 
thalamus become intimately connected with the sensory regions of the new 
parts of the cortex and relay information to them. The hypothalamus, as 
we have already mentioned, has vegetative functions and is concerned 
with the control of body temperature, sleep, feeding, water balance and 
drinking, emotion, and reproductive behavior. Also, it exerts neural and 
humoral control over the pituitary gland which, besides its own endocrine 
functions, controls the functions of other endocrine glands of the body. 
Telencephalon. The most anterior division of the brain is made up 
mainly of olfactory centers, the basal ganglia, and the cerebral cortex. In 
the lower vertebrates, the cerebrum developed in association with the 
olfactory bulbs, and there is a progressive increase in the relative size of 
the bulbs and associated cerebral olfactory centers through the infra- 
primate mammals. In the primates, however, the olfactory bulbs are rela- 
tively small, and the additional development of the cerebrum is non- 
olfactory in function. The basal nuclei of lower vertebrates function as the 
highest motor integration mechanism, but in the mammals, the most com- 
plex motor functions are carried out by the cerebral cortex, particularly 
the motor cortex. The cerebral cortex is a grey mantle or bark of nerve-cell 
bodies that overlie the cerebrum. Its development is illustrated in Fig. 38. 
The oldest parts of the cortex ( paleopallium and archipallium) are largely 
olfactory and visceral in function. The new cortex or neocortex appears in 
the reptiles as a receiving area for sensory fibers from lower regions of 
the brain. As it expands in size in the mammalian series, two things hap- 
the paleocortex moves to a more ventral position and the archi- 
pallium, now the hippocampus, folds into the cerebral mass underneath 
the neocortex; (2) the neocortex expands so much that it begins to fold in 
on itself, developing the fissures or sulci and the bulges or gyri that char- 
,acterize the convoluted brain. Using the major fissures as landmarks, we 
can divide the cortex into major lobes, as Fig. 39 shows for man. 

Early in mammalian evolution, the neocortex is primarily a sensory 
receiving area (Fig. 40). Thus the rabbit and the rat, whose cortex is 
convoluted very little, have fairly well-organized and somewhat segre- 
gated areas for vision, hearing, somatic sensation, and taste that occupy 
most of their cortical-syrfaces. The motor area, anteriorly in the cortex, 
is relatively small and not highly organized, and there are very few and 
small areas in the cortex which are neither sensory nor motor, but asso- 
ciational in function, In the carnivores (cat), the amount of associational 
cortex is increased, but the real increase in associational cortex occurs in 
the primates, especially in man (Fig. 41), whare only relatively small 
strips of cortical tissue are devoted to sensory and motor function, and 
most of the cortex is given over to large association areas. 
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Fig. 38. Diagram showing the development of the cerebral cortex in the 
vertebrate series. At first, there is а collection of cell bodies deep within 
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Fig. 41. Latera! view of the cortex of man showing the relatively small 
areas devoted to sensory and motor function and the relatively large 
areas to associational function (cf. Fig. 40). (Redrawn from J. C. Brash, 
Cunningham's Monual of Practical Anatomy, Vol. 111. London: Oxford Uni- 


versity Press, 1948.] 


¥ Lower limb crea 


Pre-central ayrus al sulcus 


Trunk arag —À 


Upper limb aroa 


‚ Post-central gyrus 


Parieto- 
occipital 
sulcus 


Post. 
colcarine 
sulcus 


Head area “ 
Visuol area 


7 + 
Posterior ramus of lateral sulcus / \ 
Auditory area 


Superior temporal gyrus 


58 


fe 
© 


A 


8 Lower lip 


Teeth, gums, and jaw А M 
ha [tors ll 


X \ 
A des 
ч / E 
М4 н m 
" ) 9 
А l 
Fig. 42. (Left) Diagram of section cut th 
the representation of body parts as rough oh 


The Vertebrate Nervous System 


Despite their relatively small size, the sensory and motor areas of 
the human cortex become highly organized and represent, in great detail, 
the functional parts of the body and the receptor surfaces, For example, 
electrical stimulation of the human cortex reveals that simple, discrete 
movements in localized regions of the body can be evoked by stimulation 
of discrete points on the cortex. In fact, a map can be made of the motor 
area, showing the orderly representation of body parts, laid out in the 
pattern of a homunculus (Fig. 43). A similar map or sensory homunculus 


area by stimulating recep- 


(Fig. 42) can be made of the somatic sensory 


und 


а 


со 


отуп d 
pe o 


y iy Л 


Fig. 43. (Right) Diagram of a secti 
ms SS A Ree ee: ction cut throug 


hah 
9 tt of ihe body on th “man brain show- 
eliciting movements, when electrical os о тоог cort i 
у Ж, ex 
shown, (After Penfield and Rasmussen] о the рагы of fhe body 


d x *ed potentials ; 
Other sensory receiving areas of the cortex c = a 
_the receptor surface is represented spatial тау Organized so that 


Чех. In fact 
act, each 


* sensory-motor arc is exte 


The Vertebrate Nervous System 


sensory system is represented in the cortex in at least two closely related, 
but separated, areas, each organized to represent the receptor surface. 

As we will see later, destruction of these separate cortical sensory 
areas results in defects in sensory capacity, but in examining the mam- 
malian series, we find that the sensory functions appear "corticalized" to 
different degrees. Thus destruction of the visual area in monkey and 
man results in virtually total blindness; the rat and the cat, in contrast, 


while deficient in ability to see patterns after visual cortex damage, are’ 


quite capable of telling light from dark, responding to movement, etc. 
Even more striking evidence for corticalization in the mammalian series 
is seen with destruction of the motor areas, for an animal like the rat 
shows essentially no obvious motor defects after such an operation, while 
the limbs of monkeys and men are badly paralyzed on the opposite side 
of the body following destruction of the motor area. Cats and dogs show 
some paralysis and poverty of movement, but show much more recovery 
of function than the primates. It takes very careful and somewhat elabo- 
rate testing to see the effects of destruction of associational cortex, and 
usually such defects show up only in man and monkeys, as we will see 


see later. 


Functional Organization 
of the Vertebrate Nervous System 


Thus far in our effort to portray the major changes that have oc- 
curred in the evolutionary development of the vertebrate nervous system, 
we have revealed only the barest outline of its basic plan. The key to this 
plan lies, as it does in the invertebrate nervous system, in the concept of 
the reflex arc, with its sensory, motor, and associational neurons. Through 
the great ascending and descending columns of the spinal cord, this 
nded into the brain, where, at various levels, 
additional sensory-motor integrations occur through even more complex 
networks of associational neurons. Let us look more closely at the organ- 
ization of this system, taking the primate as our example. 

On the sensory side, the great afferent systems are organized ana- 
tomically and physiologically in such a way that they reveal within the 
central nervous system à detailed representation of sensory qualities and 
spatial relationships established at the peripheral receptor surfaces. In 
representing sensory qualities, the afferent systems are said to be modal- 
ity-specific in two respects. First, the different senses themselves are 
anatomically segregated into different parts of the nervous system repre- 
senting vision, hearing, smell, taste, and the skin and muscle senses. 
Second, within a given sense, as We know from the study of both man 
and animals, there is a segregation of such sensory qualities as touch, 
warm, cold, deep pressure, and pain in the skin or the different pitches 


59 


60 


The Vertebrate Nervous System 


of sound from high to low. 


Because spatial relationships established at 
the peripheral receptor are 


also preserved anatomically and physiologi- 
ai es i- 
cally within the central nervous system, they are said to be somatoto] 
cally organized, as the hon 


nunculus in Fig. 45 shows. Not only is this 
somatotopic arrangement apparent in the 


it is preserved to one degree or 
Systems below the cere 


At the same time that each sensory system is kept highly segregated 
from the others and highly differentiated within itself, it also makes a 
fairly nonspecific contribution to a diffuse, sensory arousal system, located 
in the midline regions of the brain. Each ascending column, early in its 
course, gives off collateral nerve connections to the core of the brain, the 
reticular system, which does not seem to preserve receptor-surface locus 
or sensory modality, The reticular system is literally a feltwork of LM 
mingling and interconnectipg nerves than runs on up to the ron cn 
region of the thalamus, and from there to all parts of the cerebral pn "s 
and, indeed, to many other parts of the brain as well. Its function pe 
to be generally that of activating or arousing the brain upon dta 9 
Sensory stimuli at the peripheral sense organs. Destruction of this де (з 
lar system results in coma or deep sleep, even though the main ascending 
columns are left intact, In this condition, the organism can transmit sen- 
sory information to 


d 3 Mein " 
its cerebral cortex along its ascending columns, but 
cannot be aroused to act upon it, 


On the motór side, there are 
long, discrete pyramidal system 


cortex, but, as one might expect, 

eet Pe 
another at each level of the sensory relay 
bral cortex. 


also two major systems. One is the 


going from the motor cortex to the 
motor nerves of the spinal cord, This ystem, as we have described, is 


highly specific and localized, for electr zal stimulation of the motor cortex 
results in discrete localized movements of limited parts of the body, Also, 
damage to it results in a loss of refined and skilled movements of the 
hands and feet, The second motor system is the extra-pyramidal system 
arising from different parts of the cortex and various subcortical motor 
centers as well, including the cerebellum, Its Pathway is made up of 
Short neurons that make connections at many levels of the brain before 
reaching the motor nerve cells of the spinal cord. In simple terms, the 
extra-pyramidal system functions to maintain an organized background 
of posture and muscle tone against which the discrete, localized move- 
ments mediated by the pyramidal paths can occur, 1 
Sensory and motor systems are not by 
from each other, however. Motor influences 
into the sensory Systems at many levels and modulate ¢] 
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tinually active in bringing back to the central nervous system information 
on the effects of motor activity by means of feedback loops, so that sub- 
sequent motor output may be modulated by the sensory effects of pre- 
vious motor activity. 

Associational systems serve to integrate the sensory activity coming 
over many different sensory nerves and to impose 
r output, thus playing a most important 
vior. Presumably, this activity of the 
associational system is determined by its given structure, the effects of 
past experience, motivation, and attention as well as by the direct con- 
sequence of sensory input, and, in man, it is believed that the associational 
systems are responsible for that intrinsic pattern of activity of the central 
nervous system known as ideation or thinking. 

So far we have only discussed what has been called the somatic 
nervous system, 
skeletal muscles, and overt beh 
system, which regulates viscera. 
interwoven with the somatic system 


an organized pattern on the moto: 
role in the organization of beha 


avior. There is also the autonomic nervous 
1 and emotional functions. This is a system 
at all levels. At the spinal level, it is 
represented by two sets of peripheral ganglia that both innervate the 
smooth muscles of the gut and blood vessels and many of the endocrine 
glands, the sympathetic and parasympathetic systems. In the brain, im- 
portant autonomic functions are integrated in the medulla, the hypo- 
thalamus, and the older parts of the cortex known as the rhinencephalon. 


Summary 


We can now summarize the major principles of action of the verte- 
brate nervous system. (1) It is a vast correlation system for receiving 
sensory information, integrating it, and associating it with appropriate 
patterns of motor responses. (2) Its sensory systems serve to carry faith- 
fully reproduced information to the brain, and at the same time, through 
the reticular activating system, they serve to keep the brain active and 
the organism alert. (3) As we saw in the spinal cord, the nervous system 
acts according to a principle of reci procal pattern of excitation and inhibi- 
tion so that as one activity is started, another antagonistic activity is 
slowed or stopped. (4) Its motor systems serve to maintain a background 


of posture and tone against which discrete phasic movements are ex- 
ecuted. (5) The sensory and motor systems mutually modulate each 


other through motor control of sensory input and sensory feedback of 
the effects of motor activity, allowing the greatest degree of refinement of 
both sensitivity and movement. (6) Its associational systems serve to 
correlate the various sensory influences coming into the brain and to 
integrate them with past experience to impose an organized pattern of 


excitatory and inhibitory activity upon the execution of behavior over 


which is concerned with perception, response of the ` 
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anized whole a hierarchical order of integrations, with re- 


з at various levels of the nervous 
system. (10) In keeping with the evoluti 
the more co 


Up till now, we have been mainly concerned 
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with the basic biological machinery for 
behavior. We have discussed the evolu- 
tion of the nervous system through the 
invertebrate and the vertebrate series, 
showing how the complexity of the nerv- 
ous system has grown in phylogeny and 
pointing out how this has made possible 
the great increase in the refinement, 
variability, and complexity of behavior. 
We have also discussed the physiology 
of neurons and networks of neurons to 
give you some understanding of the “lan- 
guage" of the nervous system, the means 
by which the multitudinous parts of the 
nervous system communicate with each 
other, how they receive information from 
the external world, encode it, integrate 
it, store it, and translate it into behavioral 
action. All along, we have emphasized 
that it is out of these anatomical and 
physiological properties of nervous tissue 
that behavior, as we observe it in the 
organism, is possible. 

Now we come to a consideration 
of behavior itself and how it serves the 
adaptive ends of the individual organism 
and the species. Here we shall analyze 
animal behavior into meaningful seg- 
ments and see in some detail how it is 
dependent on the functioning of the 
nervous system. In making such an anal- 
ysis of behavior, we must recognize that 
there is, in the phylogenetic series, an 
enormous range of complexity of be- 
havior, from the simple, brief, stereo- 
typed act to the highly intricate and 
highly variable long sequence of acts. 
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At first, behavior is largely a matter of a stimulus triggering a po 
sponse or of a pattern of stimuli triggering a sequence of шы 
this point, behavior is stereotyped and the organism is to a large ex : 
stimulus-bound. Since this kind of behavior is essentially the панаван 
the inherited properties of the nervous system of the organism or D 
in question, we speak of it as innate. Later, behavior E m ^ 
variable and, particularly important for us, more modifiable се 
experience. The adaptations of the individual organism may deve p 
uniquely in its life history through the process of learning, and we spe : 
of such behavior patterns as being acquired. In the simpler We ncn » 
what is acquired may be fairly simple and still pretty much stimulus- 
bound. But as the complexity of the nervous system grows and we К 
amine the existing species in the mammalian series, especially Er pri 
mates and man himself, still new properties of behavior emerge. Be ede 
is now not so much stimulus-bound; much of it may originate from i 
the organism on the basis of past experience; and much of ia ma e 
guided by complex symbolic processes such as language in Шш. cA 
intrinsic processes constitute reasoning in man, and we see the шо ime 
of it in animal behavior serving the adaptive ends of the organism. P 

In this and the remaining chapters, we shall take up these а 
modes of adaptive behavior, First, we will consider the major stereotype! , 
innate modes of adaptation, the taxes (direct orientations of the organism 
in respect to stimuli), the reflexes, and the instincts. In the next two 
chapters, we shall take up learning ability and problem solution or rea- 
soning, the more variable, aequired modes of adaptation. As you will see, 
the importance of these particular modes of adaptation to an organism 
changes in phylogeny (Fig. 44). In man, the dominant modes of adapta- 
tion are reasoning and learning; there is very little in the way of instinct 
or even reflex that is not greatly modified by experience; t 
tially non-existent, In a simple mammal like t 


non-existent, but learning is well developed; 
and important, but they m 


axes are essen- 
he rat, reasoning is virtually 
instincts are cle 
ay be modified by experience; so 
present, but only very early in ontogenetic development, The 
tively speaking, are poorer learners, are dominated by large 
able instincts, and show taxe: 

learning is not clearly recog, 
organism; instinctive p 


arly present 
me taxes are 
insects, rela- 
ly unmodifi- 
s quite clearly. Below the level of Worms, 
nizable and may not be a Property of the 
atterns are relatively simple and poorly developed, 
and the organism is dominated by taxes and reflexes, 


Although it is speculative to attempt to portra: 
modes of adaptation in the course of evolution, especially in view of the 
great gaps in our knowledge, several important Principles are apparent 
(1) As complex modes of behavior become Possible i. Parent, 
are at first added to the simpler modes, but eventua 


At each new level of complexity, new behavioral р асе them, (2) 
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Fig. 44. Schematic portrayal of the changes that take place in the major 
modes of adaptive behavior in phylogeny. 


It is fallacious to try to account for the behavior of relatively simple organ- 
isms in terms of human capacities such as reasoning (Lloyd Morgan’s 
Canon). (4) It is equally fallacious to try to account for the behavior of 
relatively complex organisms such as the lower primates and man pri- 
marily in terms of simple stimulus-bound relations, instincts, or blind 
trial-and-error learning. The primates have new modes of, adaptation 
which overshadow the simpler ones, and we need a converse of Lloyd 
Morgan's Canon that will warn against underestimating the capacity of 
animals with complex nervous systems on the basis of principles dis- 


covered in the study of simpler organisms. 
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Taxes 


Perhaps the simplest form of adaptive behavior is the orientation of 
the organism in respect to some aspect of its environment. Not all orienta- 
tions are taxes, however. In a very simple case, the orientation might be 
nothing more than a series of random movements coupled with occa- 
sional avoidance or approach movements in response to a specific stim- 
ulus. Thus Paramecia will congregate in a region of low COs. Whenever 
random movements bring them close to the bubble where CO» concentra- 
tion is high, they swim backwards and turn and then swim forward again 
away from the bubble. This action is repeated over and over again with 
the result that most of the Paramecia of a group are situated at some dis- 
tance from the bubble at any given instant (Fig. 45). aie 

This kind of orientation does not qualify as a taxis, for its direction 
is not continuously guided by a specific stimulus. An example of a taxis 
would be the case in which an organism orients itself in such a way as 
to maintain equal stimulation of two bilaterally symmetrical receptors 
or in which, by alternate left and right movements, it equalizes stimula- 
tion at successive intervals over time. For example, an organism may 
orient toward a light source so that both eyes receive equal stimulation. 
If the source is moved laterally, the orientation will change, because cne 
eye is now receiving more illumination than the other. If one eye is re- 


moved or painted over, the organism will move continuously in circles as 


Fig. 45, Diagram showing how random swimming movements of Poramecio 


bubble. (Redrawn from Maier 


result in an orientation away from a CO, 
and Schneirla.] 
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though “trying” to equalize the light on the two eyes. Such an orientation, 
continuously and specifically guided by external stimuli, is called a taxis. 
Earlier, Jacques Loeb, a pioneer in the study of this behavior, called this 
a tropism, but modern students reserve the term tropism for the orienta- 
tion of plants by growth (e.g., toward light, away from gravity). 

While the essence of a taxis is the orientation, it may also involve 
movement in respect to the stimulus. In such cases, if the orientation and 
movement are toward the source of stimulation, we speak of a positive 
taxis, if away from it, a negative taxis. Taxes are also named in terms of 
the directing stimuli (e.g., phototaxis, chemotaxis, geotaxis). 

The adaptive value of taxes can be seen in the case of the grayling 
butterfly ( Eumenis semele), which flies toward the sun in its escape from 
predators; if one eye is blinded, however, its escape reaction will consist 
of flying in circles, showing the dependence on bilateral optic stimulation 
in this case. To illustrate that not all taxes depend on equal bilateral 
stimulation, this same butterfly will continue to pursue females in a 
straight path after unilateral blinding. The light-compass reaction of ants 
and bees is a taxis that can also occur with only one eye. In this case, 
moreover, the orientation is not simply toward or away from the stimulus 
source, but rather the organism orients and moves at some angle to the 
source of light. Thus homing ants will change their direction in accord- 
ance with the change in position of the sun even when they are captured 
and kept in dark boxes (Fig. 46). Even if the sun is invisible, these insects 
are sensitive to the plane of polarization of light from the sky. 

In the simplest case, such as that described by Loeb, a taxis may 
amount to a "forced" orientation or movement in which the organism's 
adaptation is a simple, automatic, innate pattern of response to sensory 
stimulation. In other cases, however, a taxis may be part of a more com- 
plex pattern of behavior, so that a natural orientation may depend on 
two or more taxes, or a given taxis may be imbedded in a complex in- 
stinctive act. For example, the upright orientation of fish, ventral surface 
down, may depend on both photic and gravitational taxes. Thus, if light 
comes in from the side of a tank rather than from above, certain fish may 
orient at an angle upward or downward. If the effects of gravity are re- 
moved by destroying the labyrnth of the inner ear, the fish will orient 
perpendicularly with light from the side and even ventral side up if light 


comes from below (Fig. 47). 


More complication is introduced when other processes or factors in- 


terfere with the basic orientation. Thus the cockroach naturally avoids 
light, but it can temporarily reverse this natural orientation if it is always 
tric shock in the dark side of a compartment and never in 
the lighted side. In higher animals, a simple taxis may show up under 
very limited conditions, but is easily upset by the intrusion of other 
factors. Thus the newborn rat, which has its eyes closed, will show a 
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rather fixed orientation to gravity when it is placed on a wide inclined 
plane. Its natural tendency is to climb upward against gravity (negative 
geotaxis). The climb is not straight up the incline, however, but is at some 
angle to the left or to the right, and the size of the angle is determined 
by the steepness of the incline. The steeper the incline, the greater the 
angle of climb, approaching the straight upward path. But when the rat’s 
eyes open, its behavior becomes more variable, and it responds visually 
to the edges of the inclined plane and the table top, so that it is very likely 
to deviate from a straight path upward and turn around and come down to 
the table surface. While adult rats show some tendency to climb upward. 
they very quickly learn to escape from the inclined plane and will either 
jump off one side or turn and run down to the table. х i 

Thus, while it is possible to demonstrate many clear-cut instances 


of relatively fixed and stereotyped orientations to specific stimuli in the 


animal kingdom, not all taxes occur so simply in nature. Very early in the 


study of such behavior, Jennings pointed out that all animals, even pro- 
tozoa, show great variability in their behavior and are not completely 
fixed in their orientation responses. The reason for this, of course, is that 
the living organism is responsive to more than one aspect of its environ- 
ment and internal state at any given instant and may be making several 
different adaptations at once. The higher in the phylogenetic scale we go 
and the more modes of adaptation an animal has, the more variable is its 
behavior, and thus the less fixed and stereotyped is its orientation behavior. 
Nevertheless, it is clear that, under appropriate conditions, lower organ- 
isms will display certain relatively fixed and stereotyped reactions to ex- 
ternal stimuli that we can designate with the term taxis. And often in 
observing complex patterns of behavior, we can identify component acts 
that are relatively fixed orientation responses imbedded in a more com- 


plex whole. 


Refiexes 


s are the reflexes, for they are relatively 
s to stimuli that fit the definition of innate 
ase that they are the outcome of inherited neural 


mechanisms. In fact, in many respects it is difficult to make a hard and 


fast distinction between taxes and reflexes. Generally speaking, taxes 
involve an orientation of the whole body that may involve a number of 


specific reflex responses. Reflexes, like the startle reflex or righting reflex, 
may involve all or most of the body, but, typically, they are responses of 
part of the body, like the flexion of a leg in response to painful stimuli or 
the constriction of a pupil to intense light. Quite clearly, such reflexes are 

latively invariable. Yet it doesn't take 


adaptive and, as behavior goes, re 
much observation of reflexes to see that there is some variation in them, 


Very similar to the taxe 


stercotyped and fixed response 
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especially in the case of the higher vertebrates and in reflexes dependent 
on levels of the nervous system above the spinal cord, 

In general, there are two classes of reflexes. The tonic reflexes, which 
are relatively slow, long-lasting adjustments that maintain muscular tone, 
posture, and equilibrium. The phasic reflexes, on the other hand, are 
rapid, short-lived adjustments such as that seen in the flexion response. 
Reflexes may be organized at various levels of the nervous system and 
Occur in varying degrees of complexity; usually those with greater com- 
plexity depend on the higher segments of the nervous system. In verte- 
brates, as we pointed out earlier, simple flexion and extension reflexes, 
including stepping, may be organized within a few segments of the spinal 
cord. But the coordinated alternation of flexion and extension that is loco- 


motion is organized over many segments of the spinal cord and requires 
the influence of the midbrain for its normal ар 
of the righti 


keep the Һе 
gravity, 


pearance. The same is true 
ng reflexes, which involve complex patterns of responses to 
ad and body lined up and both of them upright in respect to 


arrays of simple reflexes. At 
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complex combina 
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analyze almost any behavior into 
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simple organisms, and the behavior of the higher organisms is constantly 
being modified and shaped by individua] experience and learning. Fur- 
thermore, while it is clear that instinctive behavior is adaptive and has 
direction, so is all other behavior, and it is a serious teleological error to 
ascribe special purpose either to animal or to nature. 

One early attempt to solve these difficulties was the establishment 
of three criteria for instinctive behavior. To be an instinct, behavior would 
have to be (1) unlearned, (2) characteristic of the species, and (3) adap- 
tive. Applying these criteria proved very difficult, however. We have al- 
ready pointed out that "adaptive value" is not a criterion distinguishing 
instincts from other behavior. The first two criteria are even more difficult, 
especially in the case of "higher" animals, for it is not easy to control 
individual life experiences to the point where we can be sure learning has 
not contributed to a pattern of behavior. For example, not all cats kill 
mice, although this behavior is said to be instinctive, for it turns out that 
kittens often must see adult cats killing mice before they do so themselves 
and that kittens reared with mice rarely become mouse-killers. Similarly, 
the chaffinch, if reared in isolation from its kind, sings a much simpler 


an chaffinches reared with adult birds (Fig. 48), and they may 


song th 
solated 


never be able to learn the full song of the species if they are kept i 


from their kind past one breeding season. 
Because it is so difficult to assess the criteria of instincts, many 
ardent believers in the concept were able to apply it all too freely in the 
almost every kind of behavior їп every animal, including man. 
used instinct as an explanatory concept, never 
ate its underlying mechanisms. Thus it was 


past to 
Worse than that, they 
seeking to analyze or investig 
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said, for example, that man fought because he had 
and that was all there was to it. à 

Modern understanding of instinctive behavior came about through | 
the abandonment of these misconceptions in f. 


avor of direct, experimental 
investigation of these complex behavior patterns. Today, two rather dif- 
ferent scientific schools are conve 


rging in their experimental investiga- 
tions. One is that of the European ethologists, who are zoologists and 
who investigate behavior under natural or seminatural conditions. In their 
approach, they have sought full knowledge of the behavioral repertoire 
of the species they study in order to see instinctive behavior in its proper 
context. Their interest has been chiefly in animals other than mammals, 
and they have focused mainly on parental and filial behavior, social be- 
havior, and reproductive behavior. The second group is made up pris 
marily of American Psychologists and physiologists, interested mainly in 
hunger, Specific hunger, thirst, sexual behavior, temperature regulation, 
sleep, rage, and fear. These investigators have worked primarily on mam 
mals, including primates and man himself, Typically, they have been in- 
terested in one limited aspect of behavior, observed under artificial lab- 
oratory conditions, but probed deeply 
logical mechanisms, Despite the diffe 
two scientific schools, it is rem 
conceptions are, 
We can begin with the view: 
offered the most complete 


a fighting instinct 


——  — 


as to its underlying neurophysio- | 
rences in the approaches of these 
arkable how similar their findings and basic 


point of the ethologists, for they have 

and most general conceptions. They make two | 
important points that distinguish instinctive behavior from taxes and re- | 
flexes, First, they point out how instinctive behavior so often depends on 

Some special condition of the internal environment of the organism, For y 
example, many aspects of reproductive behavior de 

of the sex hormones, with the result that 
tive response to strong sexual stimulation in the abse 
while at the other, when hormone 

stimulation is required to elicit 
Some cases, the internal state 


pend on the presence 
at one extreme there is no posi- 
nce of hormones, 
concentration is high, only minimal 
à complete pattern of Sexual behavior, In 


may be so Strong as to lead almost directly 
to behavior without any measurable eliciting stimuli, the so-called vac- 


uum reaction. The second point is that stimuli serve only to trigger in. 
Stinctive behavior and are not always necessary to guide it through the 
entire pattern. The gray goose, for instance, will retrieve an egg that has 
rolled outside its nest by pushing it through its legs with the underside of 
its beak, and it may continue such diligent pushing Movements to 
pletion” even if the egg has rolled away from it, 

The ethologist conceives of instinctive behavior as 
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male three-spined stickleback fish is made up of migratory, territorial, 
fighting, nesting, mating, and parental instinctive acts. Migration, be- 
lieved to be organized at the highest neural level, is set off by increases 
in gonadal hormones produced by seasonal increases in daily light. Di- 
rected by temperature, the fishes move to warm, shallow fresh water 
where they select a territory in response to the sight of green vegetation. 
Here they build a nest, defend the territory against intruding males, and 
attract females by the increased redness of their bellies and by executing 
a zig-zag dance, leading the female to the nest. Finally, mating takes 
place, and when the eggs are fertilized, the males participate in their 
care by fanning them with movements of their fins. 3 

In the ethologists’ conception, each of the instinctive acts is held in 
check by a neural inhibiting mechanism that is released by the combined 
effects of hormones, external stimuli, and the excitatory influences of 
higher neural mechanisms. The external influences may be physical as- 
pects of the external environment such as light, water temperature, vege- 
erials, etc. Or they may be some aspect of a living ani- 
vid female, the red belly of 
reatening posture with nose 
is the behavior of another 
d organization. 


tation, nesting mat 
mal such as the swollen abdomen of the gra 
the intruding male, or his assumption of a th 
downward. When the “releasing stimulus” 
animal, we have an innate basis for social interactions an 
Careful experiments by the ethologists have shown how complex, 
and often how specific, these releasing stimuli may be. Thus territorial 
defense in the stickleback may be elicited by a dummy fish with a red 
belly even if the dummy is not shaped like a stickleback. On the other 
hand, a faithful model of the stickleback fails to release fighting if it does 
not have the red belly (Fig. 49). Furthermore, it has been shown that 
will be made if the stickleback is presented in the 
ard rather than horizontally (Fig. 50). 
Similar analyses have been made of other instinctive acts in other 


animals. The nestlings of the herring gull, for example, beg for food when 
presented with dummy gull heads. The strength of this response, however, 
depends on, among other things, the presence of a spot on the model's 
beak and its color (Fig. 51). In addition, direction of the begging re- 
ermined partly by the red spot and partly by the tip of the 

. Release of the innate response, therefore, is determined 
pattern of stimula- 


by the whole configuration of the eliciting stimuli or. 
tion provided. The importance of the configuration is seen even more 


dramatically in the escape reactions of young ducks and geese in response 
to the short neck of a bird of prey. When the dummy shown in Fig. 53 
was sailed to the right, with the short neck leading, the escape reactions 
were elicited as though in response to a bird of prey. But when the 
dummy was sailed to the left, the long neck leading, presenting the pattern 
of a goose, there was no sign of any disturbance in the young birds. 


more vigorous attack wil 
vertical position with nose downw: 
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Fig. 49, Fighting in the 
stickleback fish was elicited 
Y the lower 4 models 
which did not have the 
shape of the stickleback, 
but did have the red under- 
side. The faithful model at 
the top, lacking the red 
belly, did not elicit fight- 
ing. (Redrawn from Tin- 
егеп.) 


Fig. 50. When the three- 
spined stickleback is pre- 
vented from assuming iis 
natural  "threat-posture" 
(top diagram), it elicits far 
less fighting from other fish 
than the lower fish which is 
placed in the “threatening” 
posture, (Redrawn from 
Tinbergen.) 
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The approach of American workers to problems of this sort is some- 


what different. On the behavioral side, many American psychologists 
otivational aspects of instinct and start with the concep- 


£ instinctive behavior can be analyzed into drive 
attainment of which results in reduction of 
the drive or satiation. These terms may be illustrated by the case of a 
three-year-old boy with an abnormal craving for salt. From early life, he 
always preferred salty foods and would lick the salt off bacon and crackers 
rather than eat them. When he was eighteen months old, he discovered 
the salt shaker and began eating salt by the spoonful. He learned very 
quickly to point to the cupboard and scream until he was given the salt 
shaker, and the first word he learned was “salt.” It turned out that his 
craving for salt had kept him alive, for when he was taken to the hospital 
for observation and placed on a standard hospital diet with limited salt, 
he died within seven days. At autopsy, it was learned that he had tumors 
of the adrenal glands and thus lacked the hormones necessary to reabsorb 
salt at the kidney. Only by constantly replacing salt lost in his urine did 
he maintain himself. 


From this example, 
some goal (salt in our illustration 


emphasize the m 
tion that many patterns о 
directed toward a goal, the 


it can be seen that drive is a striving toward 
). It is reflected in increased activity, a 
willingness to work or overcome some resistance to achieve the goal, and 
often by learning new instrumentalities of achieving the goal (screaming, 
pointing, the word “salt”). The goal itself may be an object that is acted 


i Fig. 53. When the model is 
sailed to the right, it elic- 
ited flight and escape in 

young ducks and geese; 
sailed to the left, it had no 
effect. (Redrawn from Tin- 
bergen.) 


Fig. 52. The begging re- 
sponse of the young herring 
directed as much to 
th as it is to the 
red spot, shifted in this ex- 
periment from beak head. 
(Redrawn from Tinbergen.) 
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upon or ingested as in the case of salt, or it may be the execution is н j 
pattern of behavior as in mating. Or still more generally, it may a i 
change in the stimulation of the animal as in the escape from pamm 
stimulation. New goals may be learned if they are instrumentalities ы 
attaining the natural goal, Thus the chimpanzee learns to Work for poker 
chips that he later can redeem for food and water. Satiation is drive re- 
duction. It is characterized by a-reduction in activity and in willingness 
to work for the goal, Motivated behavior, then, is a drive that leads to 
goal-directed behavior and satiation. It may be measured by the intensity 
or rate of consummatory behavior such as in eating, drinking, and mating, 
or by the rate or intensity of work the animal will do to reach either EM 
goal itself, some small fraction of it, or a learned goal such as the poker 
chips the chimpanzees associate with food, ҮЧ: 

Оп {һе neurophysiologica] side, motivated behavior or кайнап À 
behavior has been investigated by tracing out the parts of the iu 
System involved and the effects produced on them by external stimuli an 
changes in the internal environment, The focus of attention in work on 
mammals has been in the hypothalamus, for it has been found to contain 
excitatory mechanisms Whose actions contribute to the arousal of mo- 
tivated behavior and inhibitory mechanisms whose actions contribute to 
the reduction of motivated behavior, For example, in the case of feeding, 
investigators have discovered that destruction of the ventromedial regions 
of the hypothalamus on both sides results in à vast increase in eating, a 
doubling or tripling of food intake to the point where a rat or cat or mon- 
key might double or triple its body weight. The ventromedial area qual- 
ifies, therefore, as a part of the inhibitory mechanism. Since bilateral de- 
Struction of the latera] hypothalamus will cause an animal to starve to p 
death in the presence of its normal food, it can be thought of 
citatory mechanism. Both these conceptions are 
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region of the hypothalamus whose destruction leads to the abolishment of 
sexual arousal. Experiments showing that appetite-depressant drugs selec- 
tively activate the inhibitory feeding mechanism in the ventromedial hy- 
pothalamus illustrate the influence of the internal environment. Even 
more dramatic are the cases in which small pipettes are implanted chroni- 
cally into the region of the hypothalamus implicated in sexual behavior. 
Here injection of minute quantities of sex hormones produce prompt and 


vigorous mating behavior. 

This type of experiment suggests the 
receptors in the hypothalamus that are selectively sensitive to the level 
of circulating sex hormones. Other experiments suggest that the hypothala- 
mus may also contain temperature receptors and osmoreceptors. For ex- 
ample, injection of a few thousandths of a cubic centimeter of hypertonic 
saline-into the hypothalamus of the goat will lead to prompt drinking of 
as much as seven liters of water, indicating that osmoreceptors may be 
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involved in registering the cellular dehydration of thirst, It may be 
through mechanisms of this Sort, then, that the internal e 
its role in instinct and motivated behavior. 
The role of the hypothalamus and other rhinencephalic structures 
i een on an even more general basis if a somewhat 
different kind of experiment is performed, In this case, an animal such as 
prepared with an electrode chronically implanted 
amus, the septum, or the tegmentum. The animal 


ation where every time it pushes on a lever, a brief 
current is turned on, stimulating the poir 


the animal comes to push the-lever yi 


nvironment plays 


stimulation behavior і strongly motivated is shown by the fact that the 
animals will push the lever many times for just a single stimulation, and, 
even more dramatically, they will walk across an electrified grid to push 
the lever even more readily than they will to éat when they are very 
hungry. Some loci within the brain appear to be negative rather than 
se that animals will stop pushing the lever if they are 

i ard to turn off such stimulation after the 


rebral cortex is perhaps most clearly seen in the 
case of emotional behavior. Here it has been found that destruction of 


the neocortex produces extreme placidity in cats, which suggests that the 
neocortex is essential for the arousal of aggressive behavior, Gn the other 
hand, destruction of Parts of the old cortex results in unbridled ferocity, 
Sms, it is believed, have their influence through М 
ms known to be important in the arousal and con- РА 


ating the controlling neuro 
Species, it is not Surprising that we can 
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one, which is released by the wounded prey. Glutathione elicits a mouth- 
opening reaction by stimulation of peripheral receptor-effector cells until 
they adapt to the level of glutathione in the water. Thus without involve- 
ment of the central nervous system, Hydra "selects as edible" only those 
organisms containing glutathione (not Hydra) and appears to be aroused 
to eating and "satiated" through effects on a peripheral chemoreceptor. 
The blowfly also responds with chemoreceptors to the chemical aspects of 
food and, through its central nervous system, reacts either with accept- 
ance or rejection of foods. The stronger the stimulus, the stronger the 
reaction regardless of the actual food value of the chemical. Eating pro- 
ceeds until sensory adaptation occurs or until an internal stimulus asso- 
ciated with the presence of food in the foregut is produced. If the nerves 
from the foregut are severed, there is no lasting cessation of eating. The 
blowfly, therefore, is quite stimulus-bound. 

The rat is also highly responsive to the stimulus aspects of food and 
will eat non-nutritive sweet substances like saccharine. At the same time, 
however, it may regulate its intake according to the caloric content of 
food, and it is strongly affected by previous experience or learning. For 
example, the thiamine-deficient rat selects food containing thiamine. But 
if this food is first flavored with anise and the anise is then shifted to a 
food without thiamine, the deficient rat will forego the thiamine that will 
fulfill its need and select the anise-flavored, non-thiamine food in accord- 
ance with its habit. 

Even more dramatic is the case of the adrenalectomized rat. These 
animals, like the boy with the adrenal tumors, typically make up for the 
salt they lose in the urine by drinking large quantities of strong salt solu- 
tions, and thus manage to survive. If they have had the opportunity to 
drink sugar water before operation, however, they continúe to prefer it 
to salt solution postoperatively and die of salt deficiency. Controls that 
never had sugar solutions before operation and thus never developed a 
habit of sugar preference show a preference for salt over sugar and sur- 
vive adrenalectomy. Habit, therefore, can be strong enough to be fatal. 
It plays an even greater role in man than it does in animals, for the regula- 
tion of our food intake and food preferences and aversions are as much 
a matter of early ces, personality, dietary laws, and social 


life experiens 
culture as they are of nutritional requirements. 


Summary 
discussed a variety of stereotyped behavior 
that serves in the adaptation of the organism, from simple taxes and re- 
flexes through complex instincts. Taxes are innate responses of the whole 


organism in orientation toward or away from stimuli; they are the re- 
sultant of inherited properties of the organism's receptors and central 


In this chapter, we have 
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neural connections and are prominent in the adjustments of the lower 
invertebrates to their environment. Reflexes are also innate sensory-motor 
responses, usually of a part of the body. These are seen in all metazoa 
and are likewise determined by receptor properties and central neural 
connections. But reflexes may complexly interrelate with each other, 
sometimes in elaborate patterns of response, and as learning capacity de- 
velops in the animal kingdom, they may readily be modified, as we will 
see in the next chapter, 


Instincts are the most complex of the stereotyped behaviors. In the 


lower organisms, they are innate responses that are elicited by the com- 
bined influences of the internal environment and sensory stimulation. In 
à sense, the internal environment "primes" the response mechanism, and 
the sensory stimulation triggers it, with the result that a complex neural 
mechanism may be set into action, yielding a complex sequence of be- 
havior, In the higher organism, this innate mechanism may be greatly 
modified by learning, and indeed overshadowed by learning, to the point 
where it is difficult to recognize instincts as such, By this time in phylog- 
eny, the motivational aspects of instinctive behavior emerge clearly, and 
it is quite meaningful to talk about “drives,” “goal-directed behavior, 
and “satiation.” In mammals, it is believed that the arousal of drive is the 
result of the activation of an excitatory neural mechanism in the hypothal- 
amus and the reduction of drive or satiation, the activation of an inhibi- 
tory hypothalamic mechanism, It is through these basic mechanisms that 
the combined effects of the internal environment, sensory stimuli, cortical 
influences, and learning regulate motivated behavior. 
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ganisms, perhaps none is as striking as 
the ability to learn. This is the process 
through which life experiences leave 
their mark on the individual and the one 
that permits an animal to develop new 
adaptations in the light of past experi- 
ences, and sometimes to develop what 
turn out to be maladaptations. There are 
many kinds of learning, ranging from the 
simplest modifications of innate behavior 
to the most complex, symbolic transac- 
tions seen in the reasoning of man. All, 
ver, are characterized by an endur- 
e in the behavior of the organ- 
a permanent change. From 
a biological point of view, the change, in 
behavior must be a change in the func- 
tioning of the nervous system and, if it 
is a permanent change, perhaps it is also 
in the structure of the nervous 


howe 
ing chang 
ism, perhaps 


a change 


system. 
By insisting that the change in 


learning must be a lasting one, we auto- 
matically rule out the transient changes 
resulting. from sensory adaptation, fa- 
tigue, and fluctuations in motivation. 
Changes due to growth and maturation 
are harder to distingiush, for they are 
also permanent ones, and it often takes 
careful experimental procedures to sepa- 
rate the effects of maturation from the 
effects of learning. One obvious way is 
to try to hold experience constant over 
the period of time maturation can be ex- 
pected to occur. This has been done suc- 
cessfully in the case of swimming be- 
havior in salamanders, where one group 
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of animals was anesthetized just before swimming movements developed 
and not released from anesthesia until after a control group of animals 
had developed to the point where they were swimming normally. Since 
the experimental salamanders swam essentially normally as soon as they 
recovered from the effects of anesthesia, it is obvious that this change in 
behavior was mainly a matter of maturation rather than the result of 
experience or learning, А 

The experiment, of course, is much harder to do in the higher ani- 
mals, but an approximation of it has been successfully achieved in man. 


In this case, identical twins were used. One twin was allowed extensive 


experience in climbing stairs and the other was restricted to flat surfaces. 
This time, maturation was held rel 


atively constant and experience allowed 
to vary. Again, experience turned out to be a relatively insignificant fac- 
tor, for the second twin was as good as the first when finally given the 
opportunity to climb stairs. А 
Despite the value of these experiments, the most direct and obvious 
way to be sure that learning is taking place is to associate the change in 
behavior with some deliberate training procedure. This is the method 
employed by students of learning who are interested in investigating the 
phenomenon itself and in specifying the natural laws governing the 
process and is the method, in its various forms, that we shall mostly dis- 
cuss in this chapter. Our purposes will be, first, to describe various kinds 
of learning from simple to complex; second, to try to arrive at general 
laws of learning; third, to see how the capacity to learn varies in phylog- 
eny; and fourth, to summarize what we know of the neurophysiological 
basis of learning. 
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Habituation 


Perhaps the simplest kind of learning seen throughout life is habitu- 
ation. This is the case where, upon repeated exposure to a stimulus, the 
animal gradually decreases its natural response until it may disappear 
entirely. Thus an animal will orient toward a moderate sound, but with 
each successive exposure, its orientation is less and less until it orients no 
longer. That this change is not merely fatigue or sensory adaptation is 
clear, for the decrement in response grows with daily exposures to the 
stimulus and will last over long periods of time without stimation. In 
a sense, habituation represents the dropping out of responses which are 
of no “significance” in the life of the animal, Most of the rest of learning 
is concerned with the strengthening of responses that are of “significance” 
so that they may be evoked more readily and with increased frequency 


or probability. 


Classical Conditioning 

ing of the latter type is classical con- 
ditioning, so called because it wa discovered by Pavlov, the father of 
conditioning. In his classical experiment, Pavlov lightly restrained a dog 
in a harness and repeatedly blew meat powder into its mouth and re- 
livated. Then he associated the sound 
of a bell with the meat powder and repeated this procedure many, many 
times at successive intervals. The bell, of course, did not at first elicit 
salivation, but after repeated pairings with meat, it came to do so. In 
describing this experiment, Pavlov called the salivation to the bell a con- 
ditioned reflex ( CR), the bell a conditioned stimulus (CS), the salivation 


to the meat an uncond 
conditioned. stimulus ( 
many times on different 
responses. For example, th 
to electric shock to the foot 


One very simple form of lear 


nt has been repeated 
different stimuli and 
eg in response 


UCS). This same experime 
animals and with: many 
e UCR may be a flexion ofal 
(UCS), and if this reflex is paired with the 


sound of a metronome (CS), that signal will eventually cause a leg flexion 
(CR) (Fig. 55). Typically, the CR is very similar to the UCR, but it is 
never completely identical to it. Thus the best way to describe classical 
conditioning is as a process in which a previously neutral stimulus (CS 
— bell) is enabled to elicit a response (CR — salivation) that it never 


'elicited before training. à + 
lov found that the time relation between the 


In his experiments, Pav. 
CS and the UCS was critical. If the UCS preceded the CS, there was very 


little, if any, conditioning, and if the CS preceded the UCS by more than 
about a second, conditioning became more and more difficult to establish 


itioned reflex (UCR), and the meat itself an un- ' 
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Fig. 55. Graphic record of 
a conditioned leg flexion 
and a conditioned respira- 
tory response in the sheep, 
following: tie gatitig-ef tie 
sound of a metronome with 
thock to the foot for many 
trials. Note that the uncon- 
ditioned flexion response is 
larger than the conditioned 
response. (Redrawn from E. 
R. Hilgard and D. G. Mar- 
quis, Conditioning and 
Lecrning. New York: Apple- 
ton-Century, 1940.) 
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(Fig. 56). Furthermore, he found that as he repeatedly paired the CS and 
UCS the strength of the CR grew steadily throughout the course of 
acquisition of the CR (Fig. 57). On the other hand, if he presented the 
CS alone repeatedly, the strength of the CR decreased steadily in what 
he called the extinction of a conditioned response. He concluded, there- 
fore, that there was something about the presentation of the UCS that 
was essential for the strengthening and maintenance of the conditioned 
response. This “something” he called reinforcement. Some workers be- 
lieve that reinforcement is a reward involving the reduction of a drive 
because the dog received meat powder in one case and escaped from 
painful stimulation of the foot in the other. We shall shortly see cases 
where reinforcement appears quite clearly to be a drive reduction or re- 
ward. In classical conditioning, however, Pavlov believed that the rein- 
forcement was nothing more than some effect in the nervous system pro- 
duced by eliciting the unconditioned response during presentation of an 


ongoing conditioned stimulus. 


Extinction, Pavlov believed to be a new learning which resulted in 


an inhibition of or interference with the CR. The reasons for this belief 
are as follows. If early in training, a distracting stimulus (sudden noise) 
occurs as the CS is presented, there will be a great reduction in the CR, 
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Fig. 57. The acquisition 
and extinction of a con- 
ditioned leg flexion re- 
sponse in the cat where a 
tactile CS was used, show- 
ing the increasing strength 
of the CR as a function of 
the number of trials over 
which reinforcement is 
Given (acquisition) and the 2 
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called external inhibition. T£ the same distracting stimulus occurs early 
in extinction, there is an ipcrease in the strength of the CR, called disin- 
hibition, for it ia presumably the result of removing the inhibiting à 
interfering ¿fects of new learning by external inhibition of that new 
learning. - 

Two other concepts of Pavlov's will round out our summary o 
classical conditioning, One is the concept of generalization, which derives 
from the fact that an animal conditioned to one stimulus [say a 1000 
cycles-per-second (CPS) tone] will also be conditioned to some degree 
to other similar stimuli (say a 500 or a 1500 CPS tone). Actually, there is 
à gradient of generalization in the sense that the farther a stimulus is 
away from the original CS along some continuum, the weaker is its capac- 
ity to elicit a CR. The second concept is discrimination, which is we 
result of reinforcing the CS (1000 CPS tone) and extinguishing a similar 
stimulus (say 1500 CPS tone) to the point where the animal always = 
sponds to the 1000 CPS tone and never to the 1500 CPS tone. As Pav E 
pointed out, these conditioning and discrimination techniques not only 
afford a way to study animal learning, but 
tive study of sensory capacities. Е 
whether an animal can ге 


also the opportunity for objec- 
or example, if we wish to determine 
spond to sound, we са пзе a sound of a partic- 
ular frequency as a CS, and if we wish to know whether an animal can 
tell the difference between two sounds, we can use discrimination training 
to tell us the smallest differences in frequency the animal can distinguish. 

From these facts about classical conditioning, we can derive a num- 
ber of general laws that are remarkably similar to the laws of association 
described by the English association philosophers and later students of 
human verbal learning. The first is the law of contiguity, which says that 
items to be associated must occur together in time and place, We have 


seen how conditioning grows less and less effective as the interval be- 
tween CS and UCS-UCR is lengthened. The second is the law of repeti- 
tion, 


and Pavlov’s studies showed that the strength of a CR grows pro- 
gressively as more and more pairings of CS and WCS are made. The third 
law is the law of reinforcement, which describes a process that is esséntial 
to the strengthening of a CR. In certain forms, this law may be identical 
with the law of effect which says that reward strengthens 
and punishment weakens them, presumably by tr 

and avoidance responses. The fourth law might be called the Jay of inter- 
ference and covers the case of extinction or forgetting and states that a 
conditioned response may be weakened and indeed inhibited by new 


learning which interferes with it. > 
The case for an interference concept of extinction 


E and forgettin is 
perhaps best argued on the basis of data on human verbal неа, 5 
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of verbal material similar to that originally learned, interference is marked 
and forgetting will be the greatest. If the intervening activity is totally 
different from the material originally learned, then forgetting is slight. 
And most interesting of all, if the individual goes to sleep after the origi- 
nal learning, there is the least forgetting in the test of memory. 

If extinction and forgetting are the result of interference, then it 
may be that learning is permanent and is merely covered over or inhibited 
by new learning. Pavlov's discovery of disinhibition supports this notion 
and so do the studies where learning survives so completely through a 
period of sleep. But even more convincing are experiments where pigeons 
were trained in a simple response and then removed from the learning 
situation so that there could be no possibility for new learning that would 
interfere, that is, no opportunity for extinction. -After ten years, these 
pigeons retained their original learning about as well as after a few days. 

The case of classical conditioning is a case of passive learning where 
the experimenter elicits the desired response reflexly and presents the CS 
on schedule, The animal can do very little about it. He has to salivate or 
flex his leg each time the CS is paired with the UCS and his response pro- 
duces no change in this situation, The experimenter has virtually complete 
stimulus-control over the animal and almost completely controls his re- 
sponses, and the learning is distilled down to the point where the animal 
simply learns to make a new response to the stimulus. 


Instrumental Conditioning 


kinds of learning are more complicated than that seen in 
for the animal has some control over the stimuli he 


receives and often the responses he uses, and his behavior has some effect 
on his situation, For example, the animal may learn to depress à lever or 
a switch in order to get food delivered to him or to escape from electric 
shock or simply to escape confinement (Fig. 58). In these cases, the ani- 


mal's behavior is instrumental in bringing about some significant change 


in his environment. Thus we ca 


instrumental conditioning. Althou 
the same phenomena of acquisition 


Many 
classical conditioning, 


Il simple instances of this kind of learning 
igh the animal is now in a quite different 
and extinction and 


training situation, 


Fig. 58. A cat operating a 
bar to unlock a door and 
escape confinement. (From 
Munn.) 
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the same laws of contiguity, repetition, reinforcement, and interference 


apply. In instrumental conditioning, the animal starts out naively emitting 
a variety of responses that 


are in his natural repertoire. The trainer may 

then select one response to reinforce: depressing a lever, standing on its 

hind legs, turning right rather than left at the end of an alley, etc. Be- 

cause of the reinforcement, this response is emitted with. greater fre- 
quency, and other responses drop out or habituate. . 

Where the reinforcement involves the satiation of a drive, as in the 

case of the hungry animal depre: 

food, we call the tr 


ssing a lever or turning right to таса 
aining reward training. Where the reinforcement e 
volves the escape from some noxious situation, such as electric shoe > 
bright lights, or cold water, it is escape training. And where the reinfor a 

ment involves the possibility of avoiding noxious stimulation altogether, 
we call it avoidance training. This latter might be a case where an ani- Ур 
mal receives а shock five seconds after a tone begins. AE iae: ie = 

only escape the electric shock after it comes on by depressing a A ke 
leaping over a hurdle into à "safe" compartment, but later he may i 

the response within the five-second period between the onset of the 

tone and the onset of the shock and thus avoid the shock entirely. Ac- 
cording to Pavlovian principles, one would expect the CR 10 this ome | 
ment to start extinguishing once the animal begins avoiding the shoc 

(UCS) consistently, but extinction proves very difficult and the animal | 
may continue responding for many, many trials without receiving shock. 
Apparently, the reinforcement in this situation is more than the shock 

itself. It has been suggested that this may be a special case of emotional 


reinforcement involving a "fear" of the shock that is reduced each time by 
the animal makes the avoidance response. But this answer is by no means M 
certain. А 
Trial-and-Error Learning 
Instrument 


al conditioning can be made complicated by simply in- 
creasing the complexity of either the stimulus situation or the response 
possibilities, This can be done by giving the animal a choice of stimuli to 
respond to, one with one response and the other with another response. 


For example, the animal may be confronted with two doors, one light 
and one dark. Food is available behind the light door; the dark door is 
locked, and the jump to the light door v] 


animal must learn to approach or 
whether it appears to the right or the left (Fig. 59). The animal here 
is required to make a discrimination of brightness, but the same test % 
could be run using two different colors, a triangle and a circle, a loud 
and soft tone, etc, In this type of situation, the animal is more obviously 
involved in a process of trial-and-error n which correct responses 
mses discouraged by 


learning i 
are encouraged by reward and incorr 


ect respo with- 


rms, Te mmm, 000 зр — 


Fig. 59. A rat faced with a black- 
sis discrimination im the Lashley 
аар пе stand: П е black circle: 1 
correct, its door is open and food will 
be found behind it regardless oí 
whether it is on the left or on the 
right. The other door with the white 
«ichs is always lacked: (From, Молас) 
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К Fig. 60. Three mazes of graded dif- 
s| More! ficulty used by Lashley to study the 


effects of brain lesions on learning 
in the rat. S is the start box and Ё 
the food box. 


holding reward or, in some cases, by administering punishment. 
Still more complicated is the multiple-choice maze in which the ani- 
ng of discriminations in order to thread 


mal may be required to make a stri 
its way through the maze to the food at the end (Fig. 60). In a typical 
maze, there may be several sensory cues at each choice-point that the 


animal could use as a basis for discrimination. Different animals may use 
different cues at the same choice-point; we can tell whether one rat uses 
a visual cue and another rat an auditory cue at a particular choice-point, 
because putting out the light causes only the first rat to make an error and 
eliminating auditory cues will affect only the second rat. The maze, then, 
is under multiple sensory control, and the animal may be left free to use 
any one of a number of alternativ 


e cues at each choice-point. 
We have gone now from th 


e simplest stimulus-response training of 
classical conditioning through more and more complicated instances of 
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instrumental conditioning in which the sensory stimuli involved become 
more numerous and more complex and in which the animal is given a 
greater and greater measure of choice in the stimuli it uses. In general, 
as we go from the simple to the complex learning tasks, learning becomes 
more difficult and more easily disrupted by brain injury. With these points 
in mind, it will be interesting to compare the learning ability of different 
animals that represent different levels of the phylogenetic scale and thus 
different levels of development of the nervous system. 


Phylogeny of Learning 


The first question we may ask in comparing the learning ability of 
different animals is where on the phylogenetic scale the capacity to learn 
emerges. Is it a basic property of all animals? Or does it depend on the 
development of the nervous system? If so, what properties of the nervous 
System are required? M А 

Whether protozoa аге capable of learning is still a debated question. 
It has been reported, for example, that amoeba and Paramecia are capa- 
ble of habituation to noxious sensory stimuli such as strong light or 
mechanical shock, for upon repeated stimulations their responses grow 
weaker and weaker until in some cases they become totally unresponsive. 
However, two criticisms of this work have been offered. One is that none 
of these experiments has satisfactorily demonstrated that such diminished 
responses lasted long enough to be anything more than adaptations to 
sensory stimuli. The other is simply that the noxious stimulation may have 
temporarily injured the organisms so that they were made less capable 
of responding with each successive stimulation. 

To get around these objections, attempts have been made to demon- 
strate some form of associative conditioning or learning. But each claim 
has again been met with cogent criticisms. One experiment will serve to 
illustrate the point, First a sterile platinum wire was lowered into the 
ү ер of a dish of Paramecia. There was no special reaction to it. Next 
the wire was “baited” with bacteria, and the Paramecia responded by 
congregating around the wire, clinging to it and feeding. Then, after many 
ев E E RINT wire, it was sterilized and dipped 
EN v ed е Faramecia congregated around it and clung 

а d to be a well-controlled demonstration of learning 


ofa “р response to the sterile wire, A simple control, however, demon- 
strate 1 that the training was unnecessary. In this control experiment, 
bacteria were dropped into the dish and the 


Parameci reg: an 
fed. Then the sterile platinum wire was lowered TE aur, e m 
the same spot, and the Paramecia clung to it. Carefu] investigation showed 
that the congregation around the spot the wire contacted was due to the 
residue of bacteria bait. The increased clinging to the wire ТЕЙДЕ from 


yr 
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the increased acidity the bacteria contributed to the medium, since 
further controls showed that clinging in Paramecia was a function of 
acidity. 
As it stands, the burden of proof is on those who wish to claim 
learning in protozoa. As long as the various instances of "modified" be- 
havior can be explained in terms of basic ehemical and physical changes 
without the need for training procedures, we cannot accept the con- 
clusion that these organisms are capable of learning. 

To a large degree, much the same criticism can be leveled against 
studies that claim to demonstrate habituation or associative learning in 
coelenterates and echinoderms. Temporary modifications in behavior have 
been demonstrated in these organisms in a number of different situations, 
but it has never been possible to rule out sensory adaptation, injury, or 
direct physical change as explanations of these modifications. For exam- 
ple, one experiment with starfish involved preventing the use of the 
dominant rays in turning over by restraining them with a glass rod. 
Other rays were used to turn and after 18 days of such treatment, 10 times 
a day, the nondominant rays were used in turning over, even though the 
glass rod was not applied. It was subsequently shown, however, that this 
same result could be obtained without the training procedure by simply 
irritating the dominant rays with mild acid or by rubbing them with the 
glass rod. After one or two such treatments, turning over was accom- 
plished with the nondominant rays. 

Obviously, these experiments do not permit us to conclude that there 
is no learning in protozoa and simple metazoa. They do demonstrate, 
however, that it is difficult to carry out training procedures in these sim- 
ple organisms without producing artifacts through injury or direct phys- 
ical and chemical changes. Perhaps as we learn more about these organ- 
isms, we can design better learning experiments, but until then, we can 
make no claim for their ability to learn. 

The first unequivocal evidence for learning is found at the level of 
the worms, where a bilaterally symmetrical, synaptic nervous system is 
already developed. Here we see clear instances of habituation and 
associative learning. In one experiment, earthworms were trained to go 
to one arm of a T-maze leading to a dark, moist chamber and to avoid,the 
other arm which led to electric shock and irritating salt solution (Fig. 61). 
in this simple learning of a position habit, it required about 200 trials 
on the average to reach a criterion of 90 per cent correct responses. In- 
terestingly enough, the worms were able to retain what they had learned 
after removal of the first five body segments containing the cephalic gan- 
and untrained worms were able to learn after removal of the head 
parently, the neural changes involved in learning can take 
anglia of the lower body segments. 
as been offered in the c 


glion, 
ganglion, Ap 
place in the g 


Similar evidence h ase of the flatworm, the 
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Fig. 61. A T-maze used by Yerkes for training earthworms to turn to the 


right to enter a dark, moist chamber (D) and to avoid electric shock at E 
on the left. (From Maier and Schneirla.] 


D 


planarian. In this case, a classical conditioning technique was used. When 
the worms were gliding along in a trough of water, a light was turned on, 
followed two seconds later by electric shock which caused the worms to 
contract longitudinally, After 150 trials, the worms contracted to the 
light alone over 90 per cent of the time. Following this, the worms were 
cut in half and allowed four weeks for regeneration. Both the regener- 
ated head and tail sections showed a high degree of retention of what 
had been learned earlier. Even after these regenerated worms were cut 
and a second period of regeneration occurred, there was retention of the 
conditioned response. Apparently, in this case, too, learning is not confined 


to the anterior portion of the nervous system, but has its effect throughout 
its extent, 


arn about these simple 
es a | * xperiments of this sort will be 
fraught with difficulties and beset by inconsistencies, But as things stand, 
we can conclude with considerable confidence that worms 
associative learning, 


Among the molluscs, some evidence for the learning of a simple 
T-maze by snails has been demonstrated, but the experiment was not 
highly successful in that not all snails learned and those that did rarely 


reached high levels of consistency in their performance. Much better 
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learning has been demonstrated in the octopus, which has a well- 
developed eye and à rather elaborate brain. In these studies, for example, 
it was shown that the octopus could readily learn to discriminate the pres- 
ence of a white card signifying electric shock. At first, the octopus was 
trained to come forward from its rocky nest to seize a crab that was 
lowered into the far end of the aquarium by a thread. Then on half the 
d with the crab, and in these trials, the 
octopus was driven away from the crab by strong electric shock. After 
12 trials, the octopus began to inhibit its approach to the card and by 
24 trials consistently remained in its nest when the card was present 
and consistently came out to feed when the crab was presented alone. The 
also learn more difficult problems where two different cards 
small one associated with feeding and a large one associated 


with electric shock. Also, discriminations of various shapes have been 
It is interesting, however, that the 


demonstrated in a similar manner. 
octopus was rather poor in problems requiring it to “detour” around a 
barrier. Thus, when a glass partition was lowered between the crab and 
an octopus, the octopus persisted in swimming straight into the glass and 
failed to swim around it through an open space. 

Coming to the arthropods, we find much evidence for good learning. 
Bees can readily learn to fly to dishes placed on blue paper, for example, 
and avoid other dishes on gray paper if only the blue paper was associated 
with sugar water. And they went consistently to the blue paper regardiess 
of its relative position and ‘even when all dishes were empty. Cockroaches 
ants can learn simple mazes quite rapidly. In the case of the ants, 
are much better learners than cockroaches, the maze was inter- 
and the food, and learning was accomplished 
32). Apparently, the learning in this case 
ze was turned around and. the 
hey had to learn the true path 


trials, a white card was lowere 


octopus can 
were used, a 


and 
which 
posed between the nest 
typically within 35 trials (Fig. 
was not highly general, for when the ma 
ants had to run from the food to the nest, t 


all over again. 
It is obvious by now that relatively little experimental investigation 
the invertebrates, especially of the lower 


has been made of learning in 
forms. We are still beset by our lack of knowledge of these simpler or- 
hat on the one hand it is difficult to test them under optimal 


ganisms, so tl i : 5 
conditions and, on the other, difficult to avoid experimental artifacts, or, 
errors in interpretation. So far, positive evidence for learning is forth- 
coming only when we reach the level of the worms, which possess a 
bilaterally symmetrical, synaptic nervous system. Even more consistent 
and more complex learning is possible in the cephalopods and arthropods, 

ses, especially at the anterior 


with their large concentrated ganglionic mas 
pole of the central nervous system. Compared to the vertebrates, how- 


ever, the higher jnvertebrates have relativly poorly developed Jearning 
capacity. They are quite stimulus-bound, and their behavior in general 
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is still dominated by the stereotyped patterns dictated by innate taxes, E. 

reflexes, and instincts. D. "i 
We have already described many instances of vertebrate learning in 

our discussion of the various kinds of learning, so our treatment here may 

be brief and in rather general terms. Most of our knowledge is based 

on mammals, less on fish and birds, and the least on reptiles and amphibia, 

which have been very little studied. Fish have been successfully trained in 

a variety of discriminations involving simult 

different objects. They have mastered mazes 

more rapidly and more consistently th 

exception of ants. Similar dat 

frogs and turtles. Modif 

therefore, are clear ch 

their learning 


aneous choice between two 
and detour problems much 
an invertebrates, with the possible 
a have been obtained in a few studies on 
ability and the ability to profit from experience, 
aracteristics of these animals, But by and large, 
consists in trial-and-error learning of relatively simple 
stimulus-response relationships. 

Birds show considerably more facility in le. 
vertebrates, not only in the rapidity 
in the complexity of problems they 
series, 


arning than do the lower 
and consistency of learning, but also 
are able to solve. In the mammalian 
are obvious as we compare simple 
and the subhuman primates. By this time, new 
apacities emerge that increasingly free the animals from 
simple stimulus-response, trial-and-error learning. Many items from past 
learning experiences are retained and utilized in new learning tests. The 
higher marnmals are not as stimulus-bound and as slavishly restricted by 
habits as are the lower vertebrates, In fact, they bring to the solution of 
complex problems, 


still further improvements 
mammals like the rat 
behavioral c. 


às we shall see in the next chapter, rudimentary ca- | 
pacities for reasoning and symbolic behavior that put much of their n 
learning on a rather differe 


nt basis than that of the simpler organisms, 
enormously liberated from the need to approach each 


problem in a simple trial-and-error manner. His symbolic capacity in the 
form of language allows him to call on accumulated past experiences 
rapidly and extensiy 


O profit from symbolic communications 
from others in the learning he undertakes, 

Obviously, the comparison of le: 
species is a difficult task. At 
proving in phy] 
tive ability are 
tually, in the an 
of rudimentary 
animals, 


Man, of course, is 


arning ability among different | 
time that learning ability is im- | 
ogeny, improvements in Sensory capacity and manipula- 
giving higher animals additional advantages, and, even- 
imal series, the Capacities to solve problems by some form | 
reasoning emerge as additional advantages of the higher | 


the same 


Neural Mechanisms of Learning 
If we were to 


attribute the im 
thing in the phylog 


provement of learning 
enetic series, 


ability to one 
it would be the evolution 


of the central 


classical conditioning technique using s 


_gations of the cortex have involved the 
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nervous system. It is an article of'faith that learning represents some 
change in the central nervous system, and that memory is the preservation 
of that change. From this starting point, many investigators have sought 
an answer to two major questions: (1) where does learning take place 
in the nervous system, and (2) what is the nature of the change? We 
shall take up each of these questions separately although it is obvious 


that they are interrelated. 


The question of the locus of learning has been approached mainly 


by the technique of experimentally destroying parts of the nervous sys- 
tem. Most investigators have dealt with the cerebral cortex, since the 
earliest theories held that it was in this newly evolved part of the brain 
that mammalian learning occurs. Pavlov believed that the cortex is essen- 
tial for conditioning, but studies have shown that simple conditioning 
is possible in the dog after its cortex has been removed. Such a decorticate 
dog often gives emotional and generalized responses and is greatly de- 
ficient in sensory capacity, but it can be successfully trained in the 
hock as the UCS. 
Since total decortication grossly impairs the animal, many investi- 
destruction of selected parts of 
in his experiments оп rats, Lashley removed just the 
visual area in the back of the cortex and tested the animals for visual 
learning and retention. He used a simultaneous discrimination situation 
in the jumping stand (Fig. 59) where the animal had to choose the correct 
one of two doors containing visual stimuli. When he used black and white 
doors, rats without the visual cortex could learn the discrimination almost 
normally. If they had learned to discriminate black from white before the 
lesion of the visual cortex, however, they lost the habit postoperatively 
and had to learn it all over again. When pattern discrimination was used 
involving a choice betwen a triangle and a circle, it turned out that the 
operated animals could never learn. Apparently in this case, they lost the 
capacity for form or detail vision, whereas in the brightness discrimina- 
tion, capacity was unimpaired and only memory was affected. И 
Actually, however, further studies suggest that even in the bright- 
ness discrimination case, it was not memory that was affected, but rather 
it was a loss of sensory capacity needed to respond to the spatially sepa- 
rated black and white doors. To test this argument, dogs were confronted 
with a single, large, illuminated panel, shaped like a bowl so as to fill the 
entire visual field. Then they were conditionel to flex a leg every time the 
brightness of the field was changed. Here was a brightness discrimination 
not involving either spatial discrimination or the capacity to discriminate 
doors, and removal of the visual cortex had no effect on the animal's 


ability to retain it. So perhaps it was not a defect of memory that Lashley's 


brain lesions had caused. 
Memory and learning 


the cortex. Thus, 


ability also proved elusive in Lashleys maze 
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experiments (Fig. 60). Here he found that rats were affected in their ў 
ability to learn mazes, ог retain them, in proportion to the size of the E. 
cortical lesions he made in their brains. In other words, Lashley con- 
cluded that the cortex operates on a mass-action principle in learning and | 
memory so that the larger the lesion, the poorer the ability. He also found 
that it did not matter where the lesion was in the cortex; a lesion of a 
given size had a given effect whether it was in the visual area in the back 
of the brain or the somatic sensory and motor areas in the front of the | 
brain. From this finding, Lashley formulated his principle of equipoten- 
tiality, which says that all parts of the cortex are equal in their contribu- 
tion to learning and memory. Again, it seems that these experiments may | 
be as much a matter of sensory deficit following cortical lesions as they 
are the result of defects in learning and memory capacities. { 
Maze learning, we know, is a matter of the rat learning to use Г 
many different sensory cues throughout the maze (vision, sound, tough; C 
proprioception, smell). The more these cues are experimentally elimi- 
nated from the animal's use by destruction of sense organs or by remov- 
ing stimuli, the worse its performance, régardless of which particular 
Sensory cues are eliminated. Since the rat's cortex is primarily a sensory 
Cortex, it is reasonable to believe that the larger the cortical lesion, -the 
more it will impair the use of sensory cues and, therefore, the poorer will 
be the maze performance, Arguing somewhat against this interpretation is 
an ingenious experiment that Lashley performed. He taught blind rats a | 
maze and then removed the visual cortex, Because. they showed defects in 
the retention of the maze habit, he concluded that the visual cortex had 
nonvisual functions in learning and memory as well as visual functions. 
. Many learning experiments of this type, involving various sensory f 
capacities, have been done on different mammals, and the results have in 
rtex is not essential for learning or memory. 
The defects see ical lesions are largely a matter of the sensory 
ion to this general statement is the recent 
poral cortex of primates. Work with monkeys 
fects in learning touch discriminations ‘following 
Ў Е 's of the temporal lobe and defects in learn- 
Inf visual discriminations after lesiong Somewhat more anterior in the 
uu ль, Ы Bas been found that human patients with bilateral | 
Х damage seem to have defects of memory, especially re- | 
cent memory, as we will see at the end of this chapter. Finally, a most in- 
teresting related fin 


| ding is the fact that electrical stimulation of the tem- ( 
E puo of fully awake epileptic patients evokes past memories in a # 
vivid dream-like se ay be possibly as much 


: quence. However, this m 
es arousing subcortical structures as through the effect on the cortex 
itself, 


Efforts to use the lesion method to explore the role of subcortical 


y 
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structures in learning have not been highly fruitful as yet. Not many such 
experiments have been done, and what information we have has been 
largely negative. Two recent studies, however, have provided hopeful 
leads. In one, the experimenters tried to condition brain-wave responses 
after making irritative lesions on one side of the brain by implanting alumi- 
num cream. Of all the loci they investigated, placement of the irritative 
focus just below the temporal cortex in the amygdala and hippocampus 
was the most effective in impairing learning. In the second experiment, 
monkeys were required to discriminate whether two patterns of tone or 
of light were the same or different, even though the two patterns might 
be separated in time by several seconds. In this case, surgical lesion of 
the region of the amygdala and hippocampus turned out to produce the 
most marked defects. Such operated monkeys could tell that the two pat- 
terns were the same only if one followed immediately after the other. It 
was as though ihe lésion made them unable to remember the first pattern 


over time, for they failed the test when the two patterns were separated 


by a few seconds. 

1 Another approach to t 
lying learning is through the use of electrical recording meth 
it is possible to trace changes in the electrical activity of many parts of 


the brain during learning. In these experiments, the animal has electrodes 
chronically implanted in its brain, and changes in patterns of electrical 
activity are noted as the animal is trained. The striking thing here is that 
the changes take place in many parts of the brain, cortically and sub- 
cortically, within the sensory systems and outside of them as well. It may 
be that the electrical method is so sensitive in recording changes that go 
t separate the important from the unimportant 
parts of the brain for learning and memory. Or it may be that learning, or 
different facets of learning, occur in many places of the brain at once, and 
that therefore no one part is completely essential for its formation or 


retention. 
When we come to the second question, concerning the nature of the 


change in learning, we find mostly theories and very little facts. Various 
mechanisms have been suggested as being responsible for the establish- 
ment of new functional connections in the nervous system: (1) the 
pathways, (2) anatomical swelling or sprouting of 
synaptic terminals, resulting in the facilitation of crossing certain synapses, 
(3) a physiological increase in the ease of crossing synaptic connections 
already established but not functional at the start of training, and (4) 
biochemical changes such as alterations in the structural arrangement of 
protein molecules in nerve fibers. Of all * ese suggestions, one of the 
most intriguing has been the physiological concept of a recurrent nerve 
circuit in which a loop or circle of connecting neurons is activated such 
on in the circle activates the next until the first one, having 


he understanding of brain mechanisms under- 
ods in which 


on in learning that it canno 


growth of new nerve 


that each neur 
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i y con- 
time to recover, is activated again. Such a loop could theoretically 


tinue firing indefinitely and serve to add facilitation to any о 
makes outside the loop and thus provide the basis for мара. Seti 
At the present time, however, neither this nor any of the other theo 
suggestions have any direct evidence bearing on ied | — 

Some insight into the nature of memory mec — Mio of 
gained by direct, experimental examination of temporal с = ac кае 
the memory Process. In one study, rats were trained to run rom pee 
partment to another to avoid an electric shock, They Were P d qvin 
à day, and after each trial, they received àn electroconvu E ded 
through the head. Different groups of rats received the convu Ч vals ТО 
at different times after the learning trial: after 20 sec, 1 min, M Ea 
min, 1 hr, 4 hr, and 14 hr. If the shock came within an. hour, —— 
virtually no learning, but if it came after four hours; pa bros aid 
tially norma], Apparently, memory takes time to “set "e "dar memke 
this consolidation requires at least an hour, which suggests BN d 
is a two-part process, consisting of an pn yita Бтв 

ater phase when it is. not. . 

pom tn up in two other rather —€— 
as trained, as we mentioned earlier, n xi 
en a crab it could eat and a crab, Ves eee ka Ў 
white card, that it Could not approach under penalty of electric 940 à Sei 
the octopus’ vertical lobe, an associational region of the brain, ses 
Moved, then a curious thing happened. If the trials were де ae 
than an hour apart, the animal could not retain enough from tria Wm 
to improve its Performance in normal fashion. If the trials iei Ap- 
of each other, however, it was able to learn easily. Ap 

the vertical lobe affected the “permanent laying 


aps physiol 
to an hour, and (2) a later, invu 


providing the permanent basis for mer 

Many Mysteries re 
simple learning. We kn 
mals pi 
the superior learning 9 


main in our quest for the Physiological basis of 
ow that learni 
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shall see in.the next chapter, the development of superior neural mecha- 
nisms must be an important factor, for the capacities for complex learn- 
ing, problem solution, and reasoning emerge with the evolution of the 
central nervous system. 

We have reviewed, in this chapter, the basic facts of animal learn- 
ing. We began with the concept that learning represents an enduring 
modification of behavior brought about by experience. Then we described 
various kinds of learning from the simple to the complex: habituation, 
classical conditioning, instrumental conditioning, and trial-and-error learn- 
essential modification in behavior in ‘all these cases is the de- 


ing. The 
timulus that never before elicited 


velopment of some new response to а $ 
that response. As to the critical elements of the experience in learning, 
they appear to be very much the same in all these cases. Or put another 
way, these various instances of learning, including human verbal learning, 
the same fundamental laws of learning: contiguity, 
repetition, reinforcement, and, for the case of extinction or forgetting, 


interference. 

When we took up the phylogenetic development of learning, we 
could not find clear-cut and reliable evidence for learning until the level 
of the worms. This is the point in phylogeny where the bilaterally sym- 
metrical, synaptic nervous sytem first appears. With the cephalopods 
which have relatively large, concentrated ganglionic 
r regions of the nervous system, learning ability is 
with the development of the 
ven further, gradually reach- 


and arthropods, 
masses in the anterio 
much greater than in the worms. Finally, 
vertebrate brain, learning capacity develops e 
among the simpler mammals (see Fig. 46). 

Despite this evidence that relates, learning ability to the develop- 
ment of the central nervous system in phylogeny, it has not been easy to 
discover, with any degree of specificity, the neural basis of learning, The 
evidence from experimental brain lesions and, more particularly, from 
dies that record changes in the electrical activity of the brain during 
at learning takes place in many places within the 
Е the neural change in learning has proven 
ny attractive and plausible 


ing an assymptote 


stu 
learning suggests th 
brain at once. The nature o 
elusive, however, despite the fact that ma 
theories have been proposed. At present, we know that learning or, more 
particularly, the formation of memories is at least a two-part process, 
Initially, there is a temporary, perhaps physiological process, lasting up 
to an hour in the mammalian nervous system. Following this and per- 
as a result of it, there is à second, more permanent, perhaps ana- 
a third mechanism may subserve the storage of long- 
possible to impair the permanent laying down 
lesions without impairing either old, long- 
tion of new memories, 


haps 
tomical change. Still 
standing memories, for it is 
of new memories by brain 
standing memories, or the temporary acquisi 
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have now discussed the evolution of basic be- 


havioral capacities in the animal king- 
dom. We began with the basic sensori Е 
motor, and associational capacities that 
developed as properties of the nervous 
System and its associated sense organs 
and muscles. These make up the biologi- 
cal machinery for the organism's selec- 
tive sensitivity to its environment, for its 
ability to respond to stimulation, and for 
the organization of its responses into in- 
tegrated action. Next we took up the 
stereotyped behaviors, the taxes, reflexes, 
and instincts that constitute the inborn 
adaptive mechanisms with which the or- 
ganism faces the world. Finally, we dis- 
cussed learning, the capacity of the or- 


. Banism to modify its behavior in the light 


of its individual experience. 4 

Аз the organism evolved from sim- 
ple irritable protoplasm to multicellu- 
lar animals containing more and more 
complex nervous Systems, its behavior 
changed from a simple diffusely and 
crudely responsive mechanism to one 
capable of increasingly discrete and. re- 
fined responses, organized into more and 
more complex, adaptive behaviots, even- 
tually modifiable according to'the adap- 
tive requirements of an individual’s life 
history, Gradually, in evolution, each 
new capacity emerged, first as an 
crease in the refinement and co 
of behavior, eventually 
adaptive capacities, 
earlier, at each stag 


in- 
mplexity 
as new kinds of 
As we pointed out 


a 
У 


Fig. 62. А detour problem. for the 

raccoon in which the anjmal must first 

go away from the bait in order to 

reach it. (Redrawn from Maier and С ш 
Schneirla.) Boit 


c capacity, and social organization as the dominant 
modes of coping with the environment. Gradually, these capacities must 
have emerged in the subhuman forms, and we should be able to trace 
them in the study of lower animals as rudimentary, emerging capacities. 


see reasoning, symboli 
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Let us look first at reasoning capacities, the. ability to solve complex 
problems with something more than simple trial-and-error, habit, or 
stimulus-response modifications. In man, we recognize this capacity as the 
ability to develop concepts, to behave according to general principles, 
and to put together elements from past experience into a new organiza- 
tion, quite independently of the particular physical form a problem takes 
or the specific sensory or motor clements involved in the situation. What 
do we observe in animals? In the last chapter, we described many cases 
of complex learning in which the organism was required to handle many 
stimuli at once and to make a complex sequence of discriminative re- 
sponses. Now we want to see its performance in situations where specific 
sensory cues and specific habits are not critical for the solution of a prob- 


lem. 
A number of techniques have been devised to investigate such 
nimals, and' these have met with varying 


problem-solution capacities in a 
degrees of success. One of the oldest, and in some ways the simplest, of 


these techniques is the detour problem (Fig. 62). Here an animal is 
blocked from direct approach to food he can see and smell by a barrier 
or some other arrangement. To get the food, the animal must first move 
away from it and thus make a “detour” from the direct path. Several ques- 
tions are pertinent. Can the olve the problem on its first exposure 
to it, that is, without having to learn by tria! and error? Can an animal 
eventually learn to solve the problem? Or does it fail or simply have 

a result of excited running about? 


occasional “accidental” solutions as 

Of all the animals tested in detour problems, only monkeys and chimpan- 
zees show any degree of success upon first exposure to the situation. Many 
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other animals have learned to perform detours after failing on un riim 
few trials. The octopus can slowly learn to detour under some аш im 
but not others. Fish and birds eventually learn the long way aroun 3 
barrier. Laboratory-reared rats, dogs, and raccoons are rapid learners, al- 
though they initially fail. x 

The е of a detour upon first exposure is similar e 
we call insight into a problem in man. Even more direct evidence = 
insight-type solutions can be seen in other kinds of experiments poe 
chimpanzees and, to some degree, with monkeys. These studies € ks : 
performed by Kóhler during World War I and showed, for examp 5 E “i 
the chimpanzee is capable of attaining a banana out of reach by gx 1 B 
boxes beneath it and climbing up (Fig. 63). Or a chimpanzee will t = 
sticks together to pull in a piece of food that is out of reach of Se ee 
Stick alone, Unfortunately, it is difficult to be certain in these gae ha 
the animal did not have some experience with a similar type oF pro 2 
before. Even so, the immediate application of past experience in a new 
Situation is a noteworthy capacity. А 

To test for the application of 
new problem in the rat, the animal 
the solution of a problem 
satisfactorily, For exampl 
to the floór where it can 


past experiences to the solution of a 
is taught two elements necessary for 
and then observed to see if it can combine them 
е, the rat is taught to climb down from a table 
explore the room (Fig. 64). This is the first ele- 


A 63. A chimpanzee 
solves the problem of get- 
ting а banana that is out [ Door Na 
of reach by stacking boxes äi 
Оп top of each other. (From $ 
Meier and Schneirl;.] e o аш : 
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Fig. 64. The problem foc the rat is to get from Table 
A to food at F when an obstructi 


on blocks its way. 
First the rat is trained to go from A io the floor by 
way of a ladder down a Tingstand, RS. Later it is 
trained to climb from th Up ringstands RI, R2, 
9r R3 and to reach Table C over the runways. From C 
it can get to F over a runway. The test is to see if the 
гаї сап combine two separate experiences and go di- 
rectly from A to the floor io С 


їо Р on the first test. 
edrawn from Maier and Schneirla.] ^" M 
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ment. The second element is to train the animal to climb up another table 
and cross a runway to find food on a corner of the first table that is fenced 
off from the rest of it. When this is learned, the animal is placed on the 
first table on the opposite side of the fence from the food. Once it has 
mastered the two separate elements, the rat is able to climb down from 
the first table, run across the floor to the second table, climb it, and reach 
the food behind the fence. This, of course, is a detour problem in which 
ined in the elements of the solution beforehand and is 
required to put them together for the first time when the test is made. 
Other approaches to the ability to solve problems in the animal 
kingdom have required animals to learn to perform a task according to 
some general principie, quite aside from the specific stimuli available at 
the time the response is made. These animals are given a great deal of 
training. The major question is whether they can learn to master the prob- 
lem at all. If they do learn, there is the question of how rapidly they can 
master it and at what level of complexity they can perform. One of the 
easiest'of these problems is the conditional reaction. In this case, an ani- 
mal might have to learn to choose the left of two gray doors if it is pre- 
ceded by a single black door or the right door if it is preceded by a 
single white door; or to choose the door with the triangle instead of the 
door with the circle if the background has horizontal black and white 
‘stripes and the one with the circle instead of the one with the triangle 
if the stripes are vertical. This is an “if—then reaction”; if the stripes are 
horizontal, then the door with the triangle is correct. Rats can gradually 
learn this type of response when asked to make appropriate left-right 
choices in a long runway divided alternately by single-cue doors (black 
or white) and double-choice doors (gray). Monkeys learn conditional 
and are more 


the animal is trai 


reactions more readily, however, 
solutions. s 


A more difficult type of principle-learning is what Harlow has called 


the learning set (Fig. 65). Here an animal is first required to discriminate 
two common objects (e.g. a white jar lid and a red pincushion) that differ 
from each other in a number of physical dimensions. Displacement of the 
correct object, regardless of its position, yields food to the hungry subject. 
A monkey, for example, may require 50-100 trials to master such a prob- 
lem. After this, other different pairs of objects are presented for discrimi- 
nation training. When а number of these have been learned, each suc- 

nted for only five or six trials. After 


ceding new pair of objects is prese 
200-300 such 6-trial presentations, the monkey can learn to make each 


new discrimination in one or two trials. 
By chance, it can get the first trial correct only half the time. When 


it "guesses" correctly on the first trial, then it will choose correctly in the 
remaining five trials and ignore the incorrect object. When it "guesses" 
incorrectly, it typically shifts to the other object and never goes back to 
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Fig. 65. The Wisconsin 
General Testing Apparatus 
for testing discrimination, 
learning set, and the solu- 
tion of related problems in 
the rhesus monkey. (From 
Stone.) 


the incorrect one. Thus the first tri 


: al is an "information" trial upon which 
succeeding choices are based, as th 


лый P id ough in accordance with the principle: 
fis utin Fir оїсе is correct, continue to choose that object and ignore 
s жо : p en never go back to it." In essence, the animal has 
“йагы the 0 ane point of “one-trial learning, and this in itself is 
this : insight case, Only primates have any degree of success in 

ype of problem. Rats fai] miserably and must learn each new prob- 


lem by trial and 
error, never carryi Е 
Problem to problem. arrying over the general principle from 


Very simi 3 
Ty similar but even more difficult is oddity principle-learning, in 


are presented, two the same and one different (Fig. 


Which three objects 
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66). The task is to pick the one different object, the odd one. Monkeys 
can master this task to the point where they are correct on the first trial 
of a new trio of objects on most occasions. Again, rats must learn each 
task anew and never reach the point where they succeed on the first trial. 

Still another type of problem is the delayed reaction, in which a 
hungry animal is presented with two identical cups. It is allowed to see 
food placed under one cup and then, after some delay, is released to 
make its choice by displacing one cup. With odor controlled, the animal 
has no discriminative cue at the time of choice between two identical 
cups other than its memory of which one was baited. To be used effec- 
tively, this memory must be carried over the period of delay, and it has 
been suggested that to do this the animal must be capable of some "sym- 
bolic process," akin to language, which it can use to represent the missing 
discriminative cue at the time of choice. Animals like the rat, cat, and 
dog solve this problem by orienting toward the baited cup during the 
delay and then "following their noses" to the correct cup. If they break 
orientation during the delay, or if the experimenter disorients them, they 
fail. Thus they do not seem to show evidence of symbolic capacity. Rac- 
coons, interestingly enough, are capable of short delays without orienta- 
tion. Primates, however, are capable of inuch longer delàys than rodents 
and carnivores and, what is more important, do not maintain an orienta- 
tion toward the correct stimulus during the delay period. They may even 
be removed from the test situation and returned after the delay and ‘still 
perform successfully. 

Another kind of symbolic process, akin to counting, is thought to be 
involved in the double alternation test. Again, two identical stimuli cover- 
ing food wells may be used, but this time the correct one is given simply 
by the order RRLL; that is, the food appears twice on the right and twice 
on the left, and it is this sequence that the animal must master. Rats fail 
this test. Cats will master a simple RRLL sequence with prolonged train- 
ing, but they cannot extend the series; raccoons have been able to extend 


it as far as RRLLRR. Subhuman primates have extended the series to 

RRLLRRLL, but it is not until we get to man that indefinite extension of 

the series is possible. D 
and more arbitrary sequences may be required 


Even more complex | | 
plate problem (Fig. 67). Here the animal simply 


in some predetermined order, including the 
might have to be pressed more than once, not 
ressing the correct sequence of pedals auto- 
d. This test has been successfully used with 
rhesus and cebus monkeys. Guinea pigs 
g up to two or three pedals in order; kit- 
f seven; monkeys, sequences of 


of animals in the triple- 
has to press three pedals 
possibility that some pedals 
necessarily in succession. P 
matically opens a door to foo! 
guinea pigs, rats, kittens, and 
and rats are capable of pressini 
tens could handle as high as a sequence 0 


fifteen to twenty. 
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Fig. 67: "Thé iiple-plhe. problem, vs 
quiring an animal to push cne or all of 
three pletes (1, 2, 3) in some sequence 
to open the food box. This test is a good 
one to compare the ability of differen! 
mammals to learn sequences because (1) 
the task of pushing plates is just about 
equally simple for all mammals and (2! 
the sequences can be arranged from the 
very simple to the very complex. The 
sequence here is a difficult one requiring 
the animal to push plates 1, 2, 3, and 2, 
in that order, before going to the food 
box. (Redrawn from N. L. Munn, The 
Evolution ond Growth of Human Behavior. 
Boston: Houghton Mifflin, 1955.) 


Brain Function in Animals 


Given these tests of problem solution involving insight, reasoning, 
concept formation, principle-learning, 
now faced with the question about what parts of the brain might be 
critically involved. Because performance on these tests improves so dra- 
matically with the higher animals and, indeed, is sometimes possible only 
in the primates, the more recently evolved parts of the brain, the cerebral 
cortex and particularly its association areas, must be involved. This ap- 
pears to be the case in the delayed reaction test, where brain function 
has been extensively studied; lesions of the cortex of the frontal lobe ren- 
der the monkey incapable of handling delays of more than a few seconds. 

It is still not safe, however, to conclude that the frontal lobes are 
essential for either recent memory or the symbolic processes believed to 
be required in delayed action. The situ 
monkey without its frontal lobes has diffi 
it is hyperactive and easi 
ments have show 


and symbolic processes, we are 


annot say that the monkey 
mory or the symbolic capacity 
tis simply too inattentive and 


has lost recent me 
Obviously, i 


associational 


1 ds opment of learning sets 
and that the visual associational area in the Occipital lobe is simi for 


roblems involvi i iti i 
р т ving visual Fecognition of objects. The evidence is either 
extensive nor conclusive, however a 
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Brain Function in Man 


Not until we get to studies of brain injury in man can we gain any 
real appreciation of brain function in complex intellectual processes. This 
is partly because animal experiments have not progressed far enough in 
investigating brain function in reasoning and partly because only man 
has reasoning processes, and especially symbolic processes, that are de- 
veloped far enough to provide a good basis for study. 

The literature on brain injury in man is voluminous, but we will only 
be able to cover some of the highlights, with emphasis on those that are 
pertinent to problems raised in the study of animals. Many studies indi- 
cate that intellectual deficit may follow lesions of the frontal lobe. This 
is clearly seen in cases of psychosurgery where bilateral damage is done 
to the frontal lobes to control insanity or intractible pain and where the 
surgical damage tends to be somewhat back from the tips of the frontal 
lobes. Although the intellectual impairment may show itself in many ways, 
including inability to perform the double alternation test, it can gen- 
erally be characterized as a loss of abstract as opposed to concrete ability. 
For example, the frontal patient may be unable to *make believe" he is 
drinking from an empty glass or to go through the motions of writing his 
name with imaginary chalk on an imaginary blackboard. He is unable to 
carry out an idea in the abstract. If water is put in the glass, however, or 
if he is given chalk and a blackboard, he can follow the instructions nor- 
mally, showing that he has the requisite abilities in the concrete situation. 

When the brain injury is in the visual associational area, the patient 
may have a visual agnosia and be unable to recognize common objects 
visually although he'can see quite well and can recognize the objects 
through other senses. With parietal lobe injury, the agnosia may be tactual 
as well as visual, even to the point where the individual may not be able 
to recognize part of his body, such as his hand, as his own. In some cases, 
the defect is on the motor side (apraxia), and the patient is unable to 
carry out à meaningful movement like hammering a nail, even though 
his motor reflexes are quite normal. 

Perhaps the most striking of all the effects of brain injury in man are 
the aphasias or language disorders, These take different forms depending 
on the region of damage. If it is anterior in the cortex, it will be a motor 
disorder such as the inability to name objects upon request; this result 
is seen after damage to Broca’s area at the bottom of the motor cortex. 
Or it may take the form of an agraphia, an inability to respond in writing. 
More posterior lesions result in sensory aphasias—either auditory, in 
which there is impaired comprehension of the spoken word, or visual, 
with impaired comprehension of the written word (alexia). In all these 
cases, the individual's sensory and motor capacity may be quite normal, 
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and his general comprehension may be good, but he simply blocks апа“ 


gropes unsuccessfully, much as the normal person does when he cannot 
think of someone's name. 

Much is yet to be learned about reasoning and symbolic capacity 
and their neural mechanisms in man, and, as we have pointed out, our 
knowledge of animals is even more deficient. But what we have learned 
so far shows that there is continuity from animal to man, even though 
man’s specialization is so great that the step from animal to man is an 
enormously large one. Although only the mere rudiments of reasoning and 
symbolic processes are observed in animals, these processes are definitely 
there, and in animals such as the subhuman primates, they contribute to 
behavior in a way that clearly marks them off from the subprimate ani- 
mals, So while it is dangerous to overestimate the ability of animals by 
attributing human capacities to them, it is also dangerous to underestimate 
animals, especially the primates, and try to account for their- behavior 
solely in terms of simple stimulus-response associations. 

Our conclusion, then, is that with the great development of the 
cortex in the subhuman primates and man, particularly of its association 
areas and related thalamic nuclei, new capacities for behavior emerge in 
evolution that fall under the general catagory of reasoning, abstract abil- 
ity, and symbolic process, When these are developed, the organism is 
freed from slavish dependence on sensory stimuli, instinct, or habit and 
can make its adaptations to the environment with insight, reasoning, and 
the use of symbols, and ultimately of language, 


Social Organization 
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On the basis of innate patterns, remarkable social organizations 
have developed, perhaps reaching their peak in insects. Ants have won- 
drously complex social organizations which contain specialized classes of 
individuals and in which cultivation of fungus “gardens,” “milking” of 
aphids, and exclusion of outsiders to the colony may be seen. Bees are 
even more complex, for in addition to their morphologically specialized 
classes of individuals and intricate hive organization, they communicate 
information about the location of food sources through the waggle dance, 
a phenomenon called the “language of the bees” by the eminent German 
biologist, von Frisch. Upon returning from a food source, the bee per- 


forms the dance on the vertical surface of the combs of the hive (Fig. 68); . 


the dance takes the form of a figure 8 in which the bee “waggles” its ab- 
domen in a straight path across the middle of the 8. Other bees in the hive 
follow the movements of the dancer to obtain the distance and direction 
of the food. The distance is given by the rate of dancing, with the num- 
ber of dances per unit of time decreasing as the distance to the food in- 
creases. The direction is given in relation to the position of the sun, so 


that a dance that has the waggle going up indicates food is in the direc- 


tion of ‘the-sun and a dance with a waggle down shows food in the op- 
posite direction; the direction to the right and left of the sun are given 
by having the waggle to the right or left. Upon completion of the dance, 
the bees leave the hive and go directly to the food. В t 
` Although fish, birds, and subprimate mammals show some social be- 


Fig. 68. The "waggle 
dance" of the bee, show- 
ing the sequence of move- 
ments (1-8) that gives it 
the fo:m of a figure 8. 
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havior in migration, reproductive activities, territorial defense, ee 
and particularly in schooling, flocking, and herding, they have little of t he 
complex organization of insects. Some birds display a pecking order in 
which the dominant bird pecks the more submissive bird. Chickens show 


“social facilitation” so that when a bird has fed to repletion, it feeds again 


if another hungry bird is introduced. Many mammals have a dominance 
hierarchy similar to the pecking 


order of birds. In one study of a group 
of rats kept in a large outdoor pen, it was found that the larger, more 
vigorous rats lived near the central supply of food and dominated all the 
others. The oldest rats lived out on the perimeter and fed only during the 
day. Submissive young rats lived in between and apparently became е 
missive through defeats in fighting to the point where they turned anc 
ran even at the approach of а dominant rat. Most interesting of all, bec 
the young of submissive rats left their nests and wandered into the terri- 
tory of dominant rats, the dominant females would seize them and 2 
them with their paws without inflicting injury. After a few such treat- 
ments, the offspring of submissive rats became submissive. | «std ў 
Obviously, learning plays an important role in such instances o / | 
Social organization. The following of the mother by ducklings through the { 
process of imprinting is a good example of this. In still another example, $ 


the herding behavior of sheep, early life experiences like imprinting are 
required, for if a lamb is raised Ъ 


y man for even a short time after birth, 
it fails to follow the herd normally and may be rejected by its mother. 


Among the subhuman primates, social organization is more complex 
again, arid this time it is apparently dependent on learning and higher 
` processes, “Monkeys, for example, will organize in bands around a large (ie 
male “chief” who is the dominant member of the group and who has a 
“harem” of females.. The chief commands until challenged and defeated f 
by another male, Then he, along with other old males, may be ostracized 
from the group and forced to live alone. The vocal communication of 
monkeys is lirnited to food cries and warning cries. For example, “sen- 


H » " м. z Р Я 
tinels" give warning cries when another group of monkeys invades their ‹ | 
| 


territory. The fémales and youn 
Young males advance to 


evertheless, is severely limited in its social \ 


powers. Occasional hand-reared chimpan- Р 
S'y taught to use one ог two words with some | 
slight degree the laboratory, two chimpanzees can be 

gether to Pull in food on a weighted board that is too > 
heavy for either о “ 


‚ and they will call and 
npetition situations, 
a male and, as he 
n off. But remarkable 
S of social behavior, 


Sesture to one an- 


à female chimpanzee 1 


i 
О mount, snatch Р 
th be, these are relatively р 
and it is not until the full development | 


begins t 


+ А as they may 
simple instance. 


| 
| 


МА 


Complex Processes 


of language and reasoning in man that truly complex social organization 
again becomes possible in the animal kingdom. We see once more that 
although there is evolutionary continuity in the development of social 
organization, the advance from animal to man is a tremendously big one. 


Summary 


In this chapter, we have described the emergence of reasoning and 
the symbolic process in phylogeny. With the development of the associa- 
tional areas of the cerebral cortex, the organism becomes free of strict 
stimulus control of its behavior. It is no longer a simple creature of in- 
stinct and habit, but is capable of insight, the formation of concepts and 
principles, and the use of symbolic processes in the solution of problems. 
Compared to man, animals possess only rudimentary powers of reasoning 
and symbolic behavior, and, to a large degree, such behavior does not 
appear until the development of the primates. 

One product of the evolution of symbolic processes and reasoning 
is the development of the capacity for complex social organization, which 
is observed so clearly in man. Such social behavior is in contrast to the 
highly specialized and innately determined social organization seen in 
the invertebrates and most highly developed in the insects. The lower 
vertebrates, including simple mammals, show only rudimentary capabil- 
anization. Some increase in social behavior appears in 


ities for social org 
but even so, the step from animal to man is a 


the subhuman primates, 
giant one. 
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inhibitory hypothalamic mechanisms, 
76, 77 
neural inhibition, 12 
reciprocal excitation and inhibition, 
19, 25, 47, 48, 52, 61 
Insects, 41-44 
brain, 41 
learning, 44, 93-94 
navigation, 43, 44, 67 
sense organs, 42 
social life, 43, 109 
Insight problems, 102 
Instincts; 64, 65, 70-73 
Integration, 38, 39, 62 
Irritability, 4-13 
definition of, 2 


Jellyfish, 16-21 
Jumping stand, 88-89, 95 
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Klinotaxis, 30 


Language: 

disorders in brain damage, 107 
Lashley, K. S., 89, 95-96 
Laws of learning, 86-87 
Learning, 81-99 

ant, 43, 93 

cat, 85 

coelenterates, 91 

dog, 83, 85, 95 

earthworm, 36, 91, 92 

echinoderms, 91 

fish, 94 

honeybee, 93 

insects, 44, 93 

man, 86-87, 96, 98 

molluses, 92 

monkey, 96 

octopus, 93, 98 

Paramecium, 90-91 

Pigeon, 87 

Planaria, 91-92 

rat, 89, 95, 96, 98 

snail, 37, 92 

Starfish, 91 
Learning set problems, 103 
Learning trace, theories of, 97-98 
Leeches, locomotion, 34 
Light compass reaction, 67 
Limpets, homing, 37 
Lloyd Morgan's Canon, 65 
Local excitatory state, 12, 13 
Locomotion: 

in coelenterata, 18-20 

in earthworms, 33 

in leeches, 34 

in nematodes, 34 

in Nereis, 34, 36 

in protozoa, 6 

in starfish, 24, 25 


in vertebrates, 47, 49 
Loeb, Jacques, 67 


M 


Man: 
brain, 45, 46, 52, 55, 51, 58, 59 


Man (Cont.): 
brain injury and reasoning, 107-108 
brain mechanisms and learning, 9 
98 
development of climbing, 82 
feeding, 75, 76, 79 _ 
learning and memory, 86-87 а 
Manipulation of environment, 35, 42 
iction of cortex, 96 
Maze, 89, 96 
ant, 43, 93 
cortical lesions, 96 
earthworm, 36, 91, 92 
rat, 96 
snail, 37, 92 
Medulla, 54 
Memory,.86-87 
brain mechanisms in, 98 
Mesencephalon, 54 
Metencephalon, 54 
Metridium, 18, 19 
Molluses, 28 
courtship, 37 
homing, 37 
learning, 37, 92 
nervous system, 33 
Monkey: 
brain, 55, 56, 57 
feeding, 76 " 
learning and cortex, 
prolis solution ability, 101-105 
social behavior, 110 
Motivated behavior, 75-79 
Muscles, 3, 16, 29 
antagonistic, 19, 47 7-13, 
Multicellular conducting systems, 

25, 26 
Myelencephalon, 54 
Myonemes, 5, 6 
Mytilus, 34 


Navigation, by insects, 44, 67 
Nematocysts, 15, 18, 19 
Nereis, 34, 36 
Nerve cell (see Neuron) 
Nerve cord, 29,31 
Nerve impulse, 8—13 
definition of, 10 
Nervous system: 
bilateral, 27-44 


Nervous system (Cont): 
net, 14-21, 26, 28 
principal function, 3 
radial, 14-26 
simple, 14-21 
vertebrate, 45-62 
associational systems, 57, 60 
functional organization, 59-61 
motor systems, 49-51, 57, 58, 60 
sensory systems, 49-51, 55, 57. 58, 
59-60 
Nest building, by insects, 42 
Neural mechanisms of learning, 94-99 
Neuron, 7-13 
association, 22, 26, 47 
bipolar, 15 
definition, 7 
internuncial, 22, 26, 47 
motor, 47 
multipolar, 15 
sensory, 47 
structure, 8 
types, 8 
unipolar, 15 


Ocelli, 17 
Octopus, 39, 40 
brain function, 40 
brain mechanisms and memory, 98 
homing, 89 i 
learning, 93 
39 
sense, 39 
Oddity principle problem, 104-105 
Olfactory centers, 55 
Organelles, 6 
Orientation (see Taxes), 30, 66-69 
by Euglena, 6 
by insects, 42, 43 
to light, 6 


aramecium, 5-7 
avoiding reaction, 6 
learning experiments on, 90-91 
reaction to СО», 66 
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Parasympathetic nervous system, 49, 50 
Pavlov, I. P., 83, 85, 86, 87 
Pedicellariae, 23, 24 
Phylogenetic changes: 
in brain of vertebrates, 45-46, 52-59 
in feeding, 78-79 
in learning, 90-94 
in sexual behavior, 78 
Pigeon, learning and memory, 87 
Pituitary gland, 54 
Planaria, learning, 30, 91-92 
Posture, 35 
in octopus, 39 
in vertebrates, 54, 70 
Problem-solution tests (see Reasoning); 
conditional reaction, 103 
delayed reaction, 105, 106 
detour problem, 93, 101-102 
double alternation, 105 
insight problems, 102 
learning set, 103 
oddity principle, 104-105 
triple plate problem, 105 
Protozoa, 4-7, 31, 66, 90-91 


Rat: 
discrimination and cortex, 95 
discrimination learning, 89 
electroconvulsive shock and memory, 
98 
feeding, 76, 79 
geotaxis, 67, 69 
maze learning and cortex, 96 
problem-solution tests, 102-105 
social behavior, 110 
Razor clam, 32 
Reasoning, 64, 101-105 
brain function in, 106-108 
Receptors, 12-14, 30 
definition of, 12 
Reflex: 
in adaptation, 64—65, 69-70 
types, 47—49 
Reflex arc, 24, 47-48 
Reinforcement, 78, 85, 86 
Releasing stimulus, 73 
Reticular system, 60 
Reward training, 88 
Rotifers, 31 
Roundworms, 32 
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Salamander, development of swimming, 
81-82 
Salt hunger, 75-76, 79 
Satiation, 75, 76 
Sea cucumber, 22, 23 
Self-stimülation of the brain, 78 
Sense Organs, 17, 29, 30, 42 
Sexual behavior: 
evolutionary changes in, 78 
hypothalamic mechanisms in, 76, 77 
Snails: 
courtship, 37 
learning, 37, 92 
Social behavior, 42, 73, 108-111 
Spinal cord, 47-52 
Spontaneous activity, 6, 19, 20, 35, 75, 
76 
Squids, 39, 40 
Starfish, 23-25. 9] 
Statocyst, 17,29 
Stentor, 6 
Stereotyped behavior, 6, 20, 63-80 
Stichotricha, 6 
Stickleback fish, three-spined: 
reproductive behavior, 73, 14 
Stimulus, definition of, 12 
Stimulus-bound behavior, 41, 44, 64 
Summation, spatial and temporal, 19 
Symbolic Processes, 105, 106, 107, 108 
Sympathetic nervous system, 49, 50 


Synapse, 11, 12, 15, 22, 31 
role in learning, 97-98 


T 


Taxes, 6, 64, 66-69 
Tectum, 54 
Tegmentum, 54 
Telencephalon, 55-59 
Territorial sense: 

fish, 73 

insects, 42 

octopus, 39 
Thalamus, 54 
Time sense, in insects, 44 
Trail-following, 42 
Trial-and-error learning, 8 
Trichocysts, 5 
Triple-plate problem, 105 
Tropotaxis, 30 


v 


Vacuum reaction, 72 
Vorticella, 6 


w 


Waggle dance, 109 


